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According to the Dairy Australia Limited 2018, dairy is Australia’s 3rd largest rural 
industry. Also, fresh milk was sold for $2,242 million over 12 months (between 
February 2017 and January 2018) in Australian supermarkets. Thus, it is important to 
supply appropriate fodder for the milking cows through grazing pastures in dairy 
industries. Applying pond by-products produced by two-pond effluent treatment 
system, such as pond sludge, crust and effluent to the land (grazing paddock), has 
become a common method to enhance the recycling of nutrients within the dairy farm. 
This in turn yields several environmental benefits. Pond by-products provide nutrients 
for the plant growth and enhance the recycling of nutrients within the dairy farms. The 
recycling and reuse of pond by-products in dairy farms plays an essential role in the 
sustainable management of nutrients, particularly phosphorus (P). The purpose of this 
study was to investigate the variation in the P fractions contained in the pond by-
products and soil treated with pond by-products within the dairy farms located in the 
Southern Highland dairy region, NSW, Australia. The study included three aspects: (i) 
identifying P fractions in various pond by-products; (ii) analysing P fractions in 
paddock soil treated with pond by-products; and (iii) conducting pot studies for 
assessing phosphorus use efficiency.  
This study indicated that the dairy pond sludge produced by the two-pond effluent 
treatment system contains significant amounts of plant available P, such as labile P 
and stable P. P fractionation analysis of the pond sludge showed that labile P and stable 
P in pond sludge was abundant with both being distributed evenly (50:50) compared 
to raw manure (stockpile, 80:20). 
The ratio of labile P and stable P is related to environmental effects on the soil and to 
plant growth upon land application. P fractionation of soil treated with pond sludge 
showed that land application of pond sludge increased all P fractions and improved 
soil fertility. Labile P and stable P increased by 30% and 45%, respectively, after pond 
sludge application. Additionally, paddocks treated with pond sludge had similar P 
distribution to the other paddock soil treated with other fertilisers simultaneously.  
The results of the pot experiment identified that ryegrass dry matter (DM) yield 
increased in soil treated with pond sludge. DM yield increased by 22% and 29%, 
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respectively, in secondary pond sludge and primary pond sludge application pots 
compared to the control pots. Additionally, the soil applied with pond sludges was able 
to retain more water owing to the increased organic content. It was also found that all 
P fractions in soil treated with pond sludge increased at the end of the pot experiments. 
Potassium contained in the pond by-products in this study was relatively higher than 
in other studies. However, higher potassium in pond by-products did not increase grass 
tetany ratio in ryegrass.  
The distribution of the P fractions in pond sludge is affected by raw manure and pond 
treatment conditions. Additionally, environmental condition and P contents in pond 
by-products affect the distribution of P fractions in soil treated with pond sludge and 
effluent. Thus, the pre-analysis of the pond by-products and paddock soil is necessary 
to get an efficient pond sludge application rate before land application of pond sludge 
on the grazing paddock. Based on the findings, optimum pond sludge application rate 
can be determined using sequential fractionation. This in turn will help (i) to increase 
the dry matter yield of the grass; (ii) to reduce the potential loss of nutrient through 
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Australian dairy farming has been undergoing a process of intensification since the 
1980s, with the overall number of farms decreasing while milk yield and production 
per hectare have been rising. The process of milking a dairy herd generates significant 
volumes of nutrient-rich effluent as the manure deposited by the herd is hydraulically 
flushed to maintain a clean and hygienic dairy shed. As dairy farming continues to 
intensify, this nutrient and solids-laden effluent stream grow, demanding more 
effective strategies not only to prevent pollution of waterways but also to achieve 
further productivity gains (Dairy Australia Limited, 2014). Nutrient management of 
effluent at the farm level, including handling of dairy shed effluent (DSE), can lead to 
increase pasture yields and in turn increased milk production (Li et al., 2014).  
Farm-scale management would be necessary for Australian dairy farms to improve soil 
fertility and increase milk productivity (Gourley et al., 2012). Best management 
practice (BMP) has been used to prevent loss of nutrients in dairy farms since 1990’s 
and Gourley (2004) suggested implementing ‘soil test’ and ‘nutrient budgeting tools’ 
which can support making a decision on a farm scale nutrient management scheme. 
Nutrient smart farm (NSF) project was also developed as one of the management 
schemes by Senn et al. (2011) to prevent the loss of nutrient from the farm shed. Hence 
monitoring the nutrient fluxes in the pasture and developing management skills to 
increase the dry matter yield and reduce the losses of nutrient from the dairy farm shed 
is necessary to prevent the pollution of the waterways and increase the productivity of 
the dairy farm.  
Accumulation of nutrients and load rate on to the paddock soil are also crucial for 
managing the loss of nutrients and nutrient cycling. Gourley et al. (2015) proposed 
paddock scale studies about nutrient distribution in a paddock to investigate 
heterogeneity. Soil nutrient distribution illustrates the status of the grazing pasture 
conditions and can provide basic farm management strategy in relation to increasing 
the plant growth rate while acting as a guideline for the pond sludge use efficiency. 
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Thus, farm scale management and analysis of nutrient distribution in paddock areas 
should be considered simultaneously. 
1.2 Current Nutrient Recycling System of dairy farm 
1.2.1 Nutrient recycling system  
Dairy shed effluent (DSE) and pond effluent produced in dairy farms contain abundant 
nutrients, which is rich in various plant available phosphorus. DSE and pond effluent 
have been used as alternative fertilisers within the dairy farm due to the nutrient 
elevated concentrations and nutrients recycling. However, abundant phosphorus in 
DSE causes water pollution such as algal blooms and eutrophication when it escapes 
in to waterways directly without pollutant reduction treatment. Thus, the two-pond 
effluent treatment system has been used to reduce the impact of the excess nutrient 
loadings on the soil and the flow of nutrients into waterways. Nutrients are digested 
and treated by the several processes within the two-pond system and reused in dairy 
farms. Also, two pond system acts as a holding facility for the nutrient rich DSE, 
particularly during wet weather conditions. 
Figure 1.1 illustrates the typical two-pond effluent treatment system used in Australian 
dairy farms. Nutrient contents and compositions are changed by physical, chemical 
and biological activities by primary anaerobic and secondary facultative ponds. 
Treated effluents (mostly secondary pond effluent) are used mainly for two purposes; 
cleaning the dairy shed and providing nutrients to the paddocks. Firstly, pond effluent 
is used to wash the dairy equipment and milking area to maintain cleanliness of the 
dairy shed area. Secondly, grazing paddocks are irrigated using pond effluent as a 




Figure 1.1 Nutrient flow chart in conventional dairy farms  
Raw manure, DSE, composted manure and pond effluent have similar concentration 
of total phosphorus. However, composted manure and pond effluent contain more 
stable P than DSE. Additionally, pond effluent and composted manure have different 
effects on the soil phosphorus distribution due to the different compositions of 
phosphorus and total solids. A number of nutrients in composted manure remain on 
the soil surface much longer than dairy effluent, which infiltrates into the soil profile 
rapidly (Laurenson and Houlbrooke, 2014). Also, composted manure leads to nutrient 
stratification (Cade-Menun et al., 2015a, 2015b). Thus, the type of application 
materials is important for use of manure (raw manure and DSE) and pond (pond sludge 
and effluent) by-products for recycling purposes. Furthermore, temporal and spatial 
environmental conditions such as rainfall and tillage conditions should be considered 
because it leads to nutrient stratification in the soil matrix and nutrients lost due to 
surface erosion, runoff and leachate. Treated dairy shed effluents are commonly used 
for irrigation along with semi-solid dairy farm manure to fertilise and irrigate the soil.  
Pond effluents are rapidly infiltrating into the deep soil, which is around the root zone, 
therefore effluent application has advantages compared to raw manure application. 
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Liquid type of effluent loses less NH3 compared to solid and slurry types of manure 
application (Li et al., 2014). However, successive effluent applications increase soil-
test phosphorus (Mehlich-1 P) in the surface soil and cause phosphorus loss via 
leaching and surface runoff. At the end of the swine effluent application study, 
Lourenzi et al. (2015) found that available phosphorus in 12 sites and 19 sites treated 
with swine effluent would exceed 20 times and 50 times, respectively, higher than 
those without treatment. Thus, successive effluent applications may result in 
phosphorus loss in surface runoff and leachate.  
1.2.2 Limitations of current recycling system  
Many individual nutrient analyses of dairy, swine and poultry manure have been 
conducted. Additionally, pond effluent analysis has been carried out. Studies of pond 
sludge application on paddocks have been conducted by Ward and Jacobs (2008a; 
2008b). However, there were no comparative studies about pond sludge and pond 
effluent applications on soils. Additionally, there were no analysis of P fractions in 
pond sludge, crust and soil treated with pond sludge. There is a lack of knowledge 
about forms and plant availability of phosphorus in different pond by-products 
(especially pond sludge and crust), particularly in Australia. 
Analyse of P fractions in pond sludge and crust and comparative study between pond 
sludge and effluent applications on dairy paddocks can be used for understanding 
phosphorus flux within dairy farms. With this understanding in a dairy farm, more 
efficient and effective dairy shed effluent recycling schemes would be established if 
nutrient contents and compositions were well understood among different DSE, raw 
manure and pond by-products, such as pond sludge and effluent. Thus, the comparative 
study of the phosphorus fraction and composition in pond by-products and the study 
of phosphorus distribution and fluxes in soil treated with pond by-product is necessary 
to develop dairy nutrient recycling systems.  
1.3 Aim of this research 
Overall aim of this research is to determine the comparative advantages of using pond 




1.4 Scope of this Research  
As mentioned in section 1.2, the two-pond effluent treatment system has been widely 
used for dairy farm effluent treatment in Australia, and its recycling system has been 
well established in the dairy industry. Nutrients are accumulated in the sediment of the 
ponds termed as pond sludge (Istvánovics, 1988). Thus, further study of nutrient 
identification and distribution in ponds and paddock soil should be conducted to 
achieve the high nutrient recycling and crop yield rate within the dairy farms. There 
has been much improvement of the application methods and irrigation procedure so 
far with respect to studying the nutrient recycling in laboratory and farm scale. 
However, comparative studies of phosphorus fractions and its behaviours in the 
stockpile (raw manure) and pond by-products have not been well researched. Thus, 
analysis of phosphorus contents and compositions in stockpile and pond by-products, 
such as primary and secondary pond sludges, crust and effluents, is necessary to 
increase the nutrient management efficiency.  
Analysis of labile and stable phosphorus in different manure, pond by-products and 
soil treated with pond by-products should be conducted simultaneously and 
continuously because these different forms of phosphorus are connected to each other 
as P of one form can transform into another form over a period of time. Relationships 
between the plant availability and fraction of P are given in Table 1.1. As given in 
Table 1.1 plant availability of P can be classified into immediately, readily, moderately 
and slowly available. 
Table 1.1 Plant availability and fractionation of P   
 Labile phosphorus for short 
term usage  
















































Pond sludge and effluent have different nutrient contents and forms compared to the 
raw manure (DSE and stockpile). Thus, the nutrient contents and compositions in 
different pond by-products should be identified to determine the proper amount of the 
application rate of pond by-products. Labile and stable forms are highly related to the 
plant uptake rate and accumulation rate of the nutrients in the soil matrix. Plant and 
bioavailability of the organic fertiliser and soil characteristics should be analysed 
before and after land application. Thus, labile and stable phosphorus should be 
characterised and identified by proper methods which can represent the plant and 
bioavailability of nutrients. Pond effluents are rich in nutrients. As such, they can be 
applied to the grazing pasture instead of chemical fertilisers. Pond sludge and treated 
manure also contain significant amounts of plant available nutrients which can be 
easily transported from the source pond to paddock or the grazing pasture with an 
irrigation system (Gerardo et al., 2013; Jacobs and Ward, 2008). Pond sludge applied 
on land which contains more solids, usually stays on the soil surface and infiltrates 
very slowly through the soil profiles (Laurenson and Houlbrooke, 2014). As such, the 
nutrients contained in pond sludge may be lost due to surface runoff and erosion. On 
the other hand, pond effluent infiltrates easily into the soil matrix and leach through 
the soil profile very quickly. Therefore, it may result in nutrient loss as leachate (Li et 
al., 2014).  
Treated effluent produced in the treatment system has been used in dairy industries for 
the purpose of irrigation. Also, many kinds of composted and digested manure have 
been used as organic fertilisers. Chemical fertilisers comprise of mostly inorganic 
phosphorus therefore phosphorus can be used by the plant immediately. However, 
these forms of phosphorus cannot be a long-term nutrient supplier due to the 
compositions and dynamics in soil. Soluble inorganic phosphorus can be used by 
plants easily and at the same time, it can be easily lost due to runoff and leaching. 
Treated pond sludge contains labile and stable phosphorus evenly. This indicates that 
stable P can be stored in the soil matrix and converted to labile phosphorus gradually. 
Thus, pond sludge can be short and long-term phosphorus suppliers for the grazing 
pastures. Pond sludges have valuable nutrients which affected plant growth rate. Pond 
sludge application increased 44% of annual ryegrass dry matter yield and also resulted 
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in increasing perennial ryegrass dry matter yield during the growing season (Cameron 
et al, 1996; Ward and Jacobs, 2008a, 2008b).  
In this study, analysis of phosphorus fractions and composition in different manure 
and pond by-products, and soil treated with pond by-products was carried out. Also, 
its fluxes in soil treated with pond by-products was discussed to improve the 
phosphorus use efficiency (PUE) and reduce losses of nutrient within a dairy farm. 
Nutrient application management based on the phosphorus analysis, such as 
phosphorus distribution in soil and phosphorus contents and composition in pond by-
products and soil, can be used as more efficient and effective strategies than previous 
ones. The two ponds in the studied dairy, namely the primary anaerobic pond and 
secondary facultative pond, are illustrated in Figure 1.2. As shown in the figure, 
primary pond contains significantly high amounts of solids compared to secondary 
pond. 
 
Figure 1.2 Primary (left) and secondary (right) ponds in the dairy farm at Avoca (2015)  
1.5 Layout of the thesis  
The research undertaken in this study is presented in nine chapters.  
Chapter 1: In this chapter background information on dairy farm and their current 
waste disposal systems are discussed.  
Chapter 2 provides a literature review on the characteristics of pond sludge and 
effluent (pond by-products) generated by the two-pond effluent treatment system and 
impact of pond by-products application on grass growth rate. The use of dairy shed 
effluent and raw manure (manure products) in previous research and phosphorus 
fractionation of raw manure and composted manure are reviewed. At the end, this 
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chapter identifies the knowledge gap on the land application of manure and pond by-
products on the grazing paddocks.  
Chapter 3 presents the general materials and methods used in this research. This 
chapter describes the study area, pot description, sample analysis protocols and 
experiment equipment. Protocols related to phosphorus fractionation and soil 
characterisation, pond sludge and effluent (and supernatant) collection methods and 
nutrients analytical methods are discussed.  
Chapter 4 presents the inorganic phosphorus fractions in the stockpile (raw manure), 
pond sludges and crust, and soil analysed using sequential fractionation method.  
Chapter 5 presents phosphorus fractions accumulated in pond by-products, especially 
pond sludge and supernatant (effluent). Various phosphorus fractions in primary and 
secondary pond sludges determined using sequential fractionation are discussed in this 
chapter. Plant available phosphorus, such as labile phosphorus and stable phosphorus 
in pond sludges and supernatant are discussed. Characteristics of the two ponds are 
also discussed.  
Chapter 6 presents the experimental results of the soil collected from the paddocks. 
This chapter describes phosphorus fractions in soil treated with pond sludge in terms 
of the plant availability. The impact of pond sludge application on the phosphorus 
fractions and soil properties are discussed.  
Chapter 7 presents the application of pond sludge and supernatant and its effects on 
the ryegrass dry matter yield. The analysis of the grass dry matter yield and nutrients 
in soil treated using two different types of pond by-products (pond sludge and 
supernatant) were carried out. The dry matter yield of ryegrass and phosphorus use 
efficiency in pots treated with pond by-products were determined and discussed 
compared to the control. Losses of nutrient and water in soil treated with the pond by-
products are also discussed.  
Chapter 8 summarises research in this study and presents the main conclusions and 







There are many factors related to the increase of the crop yield in grazing paddocks 
and cause of water contamination near the watershed. Plant and bio-availability of 
nutrient in manure (dairy shed effluent and stockpile) and pond (pond sludge, crust 
and effluent) by-products are important factors of land application. Application of 
pond by-products affect the soil fertility and eventually increase the crop yield (Ward 
and Jacobs 2008a, 2008b; Jacobs and Ward 2008). Researchers have been interested 
in assessing the plant availability of nutrients in manure products and manure amended 
soil (Dao et al., 2006; Dou et al., 2000; He et al., 2006). Plant and bio-availability of 
nutrients have a great impact on soil fertility as well as plant growth rate. Plant 
availability of nutrient in manure and pond by-products can be a limiting factor for 
plant growth and can also cause water contamination such as algal blooms and 
eutrophication due to surface erosion and runoff resulting from its solubility and forms 
(Laurenson and Houlbrooke 2014). Plant available nutrients can be lost easily due to 
surface erosion and runoff. The distribution of nutrients in soil and manure products 
can be used to evaluate the sustainable usage of nutrients and improve the recycling 
rate of the nutrients in soil ecosystems (Abdala et al., 2015). Phosphorus, which is one 
of the macronutrients, is easily accumulated in the soil matrix and lost due to erosion, 
surface runoff and leachate. Thus, understanding the composition and distribution of 
phosphorus fractions in terms of plant and bio-availability is necessary to increase the 
dairy productivity and prevent the water contamination. 
A composition of plant-available phosphorus in manure products varies according to 
the type of the manure and animal species (Sommer, Jensen, Christensen, Schmidt, & 
Ebooks, 2013). Information of the phosphorus plant availability in different pools 
provides better understanding about characteristics of manure and pond by-products, 
which can be used as alternative fertilisers in dairy farms. Information of phosphorus 
distribution in various pools can be used for making decision regarding application 
strategy of manure and pond by-products on the grazing paddocks. Plant availability 
of phosphorus can be categorized as labile and stable phosphorus (He 2013). 
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According to He (2013), labile P can be easily used by plant and microorganisms due 
to its simple and soluble forms. Labile phosphorus is mostly soluble and a simple form 
of inorganic phosphorus. More complex forms of labile P can be used by plant after 
hydrolysis by microbial. Such labile phosphorus is adsorbed on soil surfaces as a 
crystalline phosphorus compound. On the other hand, stable phosphorus can be utilised 
by plants gradually. Stable phosphorus can stay in the soil surface and can act as a 
long-term phosphorus supplier for the plant growth due to its complex phosphorus 
forms (He 2013). Thus, labile and stable phosphorus of manure and pond by-products 
should be analysed to establish application rate for using these products as alternative 
fertilisers along with P fractions in soil. The proportion of labile and stable phosphorus 
in soil affects not only plant uptake rate but also the phosphorus accumulation rate. 
This can be a short-term phosphate supplier as well as long-term steady source of 
phosphorus. Also, accumulated plant available forms of phosphorus may result in 
increase of phosphorus loss (Guo and Li 2012; Laurenzi et al., 2015). Thus, bio and 
plant availability of phosphorus should be analysed by the types of manure and pond 
by-products before land application. 
Soil properties, such as soil texture and moisture content, have a huge impact on 
fertiliser application efficiency and nutrient distribution in soil matrix (Coad et al., 
2014; Dougherty and Chan, 2014). Distribution of phosphorus and nutrients in the soil 
matrix can be changed by soil characteristics and environmental conditions. The clay-
rich soil can maintain water and nutrient on the soil surface as clay soil can hold the 
nutrients in the soil particles and it makes hard for nutrients to infiltrate into the deep 
soil profile (Askegaard, Eriksen, & Johnston, 2004). On the other hand, sandy soil 
allows the nutrients and water to infiltrate into the deep soil profile. Phosphorus and 
nutrients can reach the root zone easily if soil contains more sand rather than clay. 
However, sandy soil can lose more phosphorus and nutrients through leaching 
(Glaesner, Kjaergaard, Rubaek, & Magid, 2011a, 2011b). The soil which has low 
phosphorus sorption capacity (PSC) has undergone the loss of phosphorus (Brock, 
Ketterings, & A., 2007). Infertile soil seriously hindered the nutrient mobility therefore 
a barren soil of the grazing pasture provides few nutrients to the grasses. Thus, physio-
chemical characteristics of soil should be considered and analysed before and after 




Application rate and the methods of applying organic fertiliser have a significant 
relationship with the increase of phosphorus concentration in soil matrix in terms of 
labile and total phosphorus. Abdala et al. (2015) showed that long-term manure 
application on soil had an effect on the mineralisation of nutrients. Long term 
application of organic fertiliser mostly affects the total phosphorus and inorganic 
phosphorus quantity (Annaheim et al., 2015b; Cade-Menun et al., 2015; He, 2013; He 
et al., 2008). Soluble phosphorus and particulate phosphorus increased with successive 
application of animal manure. Lourenzi et al. (2015) indicated that successive swine 
effluent application affected the increase of plant available phosphorus as well as both 
soluble and particulate phosphorus. On the other hand, Annaheim et al. (2015a) 
indicated that long-term organic fertiliser application had no affects significantly on 
soil organic phosphorus composition.  
To understand the phosphorus distribution within fertiliser-applied soil, the first step 
is to characterise phosphorus fractions and compositions of manure (dairy shed 
effluent and stockpile), pond (pond sludge, crust and effluent) by-products and soil. 
Two main phosphorus fractions are orthophosphate and phytate (phytic acid) and their 
various compositions in manure, pond by-products and soil have huge effects on plant 
growth and soil fertility. The next step is a comparative analysis of labile and stable 
phosphorus composition changes in pond by-products and soil treated with pond by-
products. When manure and pond by-products are applied on soil, most of phosphorus 
and other nutrients are accumulated and some of nutrients are lost due to water erosion, 
surface runoff and leachate. Phosphorus applied on soil is not only used by plants but 
also lost into the waterways which can cause water contamination. Thus, phosphorus 
and nutrient characterisation and categorisation in manure, pond by-products and soil 
in terms of plant availability should be established. 
2.2 Nutrients of interest  
As mentioned in section 2.1, nutrient content and composition of manure and pond by-
products in terms of plant availability have huge effects on the crop yield rate as well 
as soil fertility. Macro nutrients like nitrogen, phosphorus and potassium play an 
important role in crop yield and soil fertility as well as cause an increase of potential 
nutrient loss resulting in surface water pollution. Thus, the nutrient characterisation in 
various manure, pond by-products and soil is essential to understand nutrient cycling 
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and to improve the soil fertility in terms of regularities and heterogeneity of nutrients 
(Gourley et al., 2015).  
2.3 Soil characteristics and phosphorus 
Key considerations of soil fertility for optimum nutrient management are nutrient 
characterisation of fertilisers and nutrient distribution within fertiliser amended soil in 
terms of solubility and biodegradability. Total phosphorus and soil test phosphorus 
(STP), such as Olsen-P, Colwell-P and Mehlich3-P, have been used to assess soil 
phosphorus plant-availability. Additionally, Hedley sequential fractionation methods 
and spectroscopy methods were widely used to analyse the plant availability of 
phosphorus in soil and manure (Annaheim et al., 2015a; Cade-Menun et al., 2010, 
2015).  
Cade-Menun et al. (2015) illustrated that phosphorus fluxes and distribution in the soil 
matrix could be analysed by spectroscopy to evaluate the phosphorus stratification and 
phosphorus use efficiency within fertiliser-applied soil. Soil characteristics and tillage 
conditions affected the phosphorus distribution as well as soil fertility. Tillage 
conditions had a relationship with changes of the phosphorus forms and compositions 
and the phosphorus use efficiency varied according to the soil types and tillage 
conditions. Cade-Menun et al. (2010) indicated that different tillage conditions led to 
the change of phosphorus distribution and phosphorus infiltration rate in the soil matrix. 
No-tillage, which is called conservation tillage, caused the stratification of phosphorus 
through the soil profile. 
2.3.1 Classification of soil property 
Soil properties are one of the factors which has an impact on phosphorus distribution 
and stratification in soil. Nutrient transformation and transport within the soil matrix 
were affected by soil texture and moisture content. Soil physical characteristics consist 
of moisture content, particle size, density, salinity and soil texture (Sommer et al., 
2013). Soil physio-chemical properties such as pH, cation electrical capacity (CEC), 
phosphorus sorption capacity (PSC), electrical conductivity (EC), total solids (TS) and 
organic matter (OM), are also correlated to the plant availability of soil phosphorus. 
Table 2.1 shows the different phosphate complexes by the pH changes. As shown, 
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phosphorus exists in iron combined phosphorus in low pH and aluminium combined 
phosphorus between a pH of 1.3 and 4.3.  
The ratio of clay, silt and sand components (soil texture) accounts for soil basic 
characteristics and affects the nutrient holding capacity and moisture content. Soil 
texture has been a priority concern to analyse the fertiliser efficiency in the soil matrix. 
Salazar, Martinez-Lagos, Alfaro, and Misselbrook (2012) found a relationship 
between volcanic soil retention capacity and nitrogen, in which soil induced the 
nitrogen accumulation rate and reduced loss of nitrogen. It was also found that the 
volcanic soil retention capacity in Southern Chile was unique therefore soil could hold 
nitrogen and migrate less nitrogen. Thus, it was concluded that Chilean volcanic soil 
had a low leaching rate even if a huge amount of the nitrogen was applied to the pasture.  
Moisture content is one of the important soil properties which varies by the soil texture 
and affects the nutrient fluxes and distribution. Soil water content can be measured by 
infiltration rate and water stable aggregates (WSA). Dougherty and Chan (2014) found 
that moisture content and soil texture affected the nutrient distribution through the soil 
profile and could change the proportion of plant available phosphorus within compost 
applied to the soil. Soil tension was maintained at 10 kPa during the organic dairy 
manure research period to maintain the moisture content (Waldrip, He, & Griffin, 
2012). Soil moisture content was maintained at 45% in poultry application. Moisture 
tension was used to evaluate the moisture content effects on manure products 
application efficiency (Waldrip et al., 2011; Zaman, Cameron, Di, & Noonan, 1998).  
Soil phosphorus buffering capacity (PBC) is also one of the crucial factors in soil 
phosphorus distribution and fertility. The soil has an ability to hold a large amount of 
phosphorus until it is taken-up by plants. However, if the nutrient loading rate was 
beyond the soil buffering capacity, excess phosphorus would be lost from soil due to 
surface runoff and drainage leaching through soil profiles (Rayment, 2011). Coad et 
al. (2014) used the phosphorus-buffering index (PBI) to describe phosphorus buffering 
capacity (PBC) in order to evaluate the nutrient buffering ability and phosphorus losses 
from the soil. Phosphorus sorption capacity (PSC) varied according to the soil physio-
chemical properties and the fertiliser application rate. Therefore, phosphorus sorption 




2.3.2 Plant availability of phosphorus in soil  
The modified Hedley sequential fractionation method has been used for analysis of 
phosphorus plant availability in soil. The forms and compositions of labile and stable 
phosphorus could be determined by several selected extractants such as water, sodium 
bicarbonate, sodium hydroxide, and hydrogen chloride. Each extracted phosphorus 
using different solutions represents the different plant availability of phosphorus in the 
soil matrix. Analytical methods for soil are also used evaluate manure products (He, 
2013). Labile phosphorus, which is extracted by water and sodium bicarbonate, is 
categorised as immediately available and readily available phosphorus. Inorganic 
soluble phosphorus and easily hydrolysed organic phosphorus are also regarded as 
labile phosphorus. Water-extractable phosphorus (H2O-P) is known as a good 
indicator of phosphorus plant-availability and most phosphorus in H2O-P is 
orthophosphate and phytate. Orthophosphate is prone to be taken-up by plants 
immediately (Cade-Menun et al., 2015, 2010). Sodium-bicarbonate also extracts plant-
available phosphorus and it was also known as labile phosphorus in soil. Inorganic 
phosphorus is regarded as having a correlation with total phosphorus, whereas organic 
phosphorus tended to have less relationship with total phosphorus (Dougherty et al., 
2006; He et al., 2004). He et al. (2004) pointed out that the type of inorganic 
phosphorus had different correlations with total phosphorus.  
Extractable phosphorus such as soil test phosphorus (STP) has also been used to 
evaluate the phosphorus plant-availability and to characterise soluble and available 
phosphorus for analysing effects on plant growth in Australian soil. Soil test 
phosphorus is also affected by soil properties and environmental conditions and known 
as plant available P. Many analytical methods for plant-available soil phosphorus were 
suggested to determine plant and bio-availability of phosphorus such as Olsen P, 
Colwell P, Bray-1 P and Mehlich-3 P (mg/kg). Olsen P and Colwell P have been used 
in Australia to evaluate the soil phosphorus availability. The Colwell-P extraction 
result can be reliable for phosphorus analysis below pH 7.4. Olsen-P is reliable for 
analysis of samples above pH 7.4 (Rayment, 2011). Thus, various soil and 
environmental conditions should be considered for soil phosphorus analysis. 
As mentioned in section 2.3.1, phosphorus forms and composition in soil are affected 
by pH, hence there are various phosphorus complexes are various according to the 
32 
 
level of pH. Table 2.1 shows phosphorus compounds by different pH in the soil 
solution. Phosphorus can be iron and aluminium combined phosphorus in low pH and 
can be complexed calcium and magnesium bound phosphorus in high pH (Rayment, 
2011). Additionally, with respect to pond sludge, Peng, Wang, Song, Yuan, and Liu 
(2007) found that the amount of Al and Fe bond P increased in weak alkali conditions 
(pH 7-8) analysing waste stabilisation pond (WSP) sludge suing sequential 
fractionation. 
Table 2.1 The changes of phosphate complexes due to pH in soil solutions (Rayment, 
2011)  
Soil solution pH Chemical species/complexes in solution 
< 1.3 Fe3+ Phosphate complexes 
1.3 – 4.3 Al3+ Phosphate complexes 
4.3 – 7.2 Hydrolysed phosphate ions 
> 7.2 Ca and Mg phosphate complexes 
 
2.3.3 Characterisation of phosphorus in soil 
Excess phosphorus applied to the soil based on the nitrogen demand for plants results 
in a potential risk of phosphorus loss due to surface runoff and erosion. Cade-Menun 
et al. (2010) found that Mehlich-3 P, which is one of the methods for evaluating plant 
availability of P in soil, was highly correlated with orthophosphate by nuclear 
magnetic resonance (NMR) under no-tillage (conservation tillage). It was also found 
that conservation tillage resulted in phosphorus stratification through the soil profile. 
It was also concluded that the results between soil test phosphorus and NMR were very 
similar. Surface runoff was the main source of P loss if there were no tillage conditions. 
Sequential fractionation (water, sodium bicarbonate and sodium hydroxide-EDTA) 
and independent soluble-based extraction were used to establish a relationship among 
manure products and soil test phosphorus. He et al. (2007) indicated that extraction 
recovery rates of dry and wet samples were different and found that concentration of 
solution affected the recovery rate of phosphorus.  
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Sodium hydroxide-EDTA has been used to extract phosphorus from the soil and 
recovered 63-83% of total phosphorus in conservation tillage soil. Hydrogen chloride 
recovered 2-16% of phosphorus in soil and extracted more calcitrant phosphorus in 
soil (He et al., 2007). Recovery rate of phosphorus by sodium hydroxide-EDTA were 
84-109% (Toor et al., 2005a). Recovery rate of phosphorus in dairy manure was 99-
103% of phosphorus by sodium hydroxide-EDTA extractant. He et al. (2007) found 
that sodium hydroxide-EDTA extraction procedure was effective to characterise the 
phosphorus fractions in diet, faeces and dairy manure. Toor et al. (2005a, 2005b) 
established the relationships of phosphorus in faeces, manure and diets using solution 
31 phosphorus NMR (31P NMR).  
He et al. (2009) used sodium acetate buffer sodium dithionite (NaAC-SD) instead of 
sodium hydroxide-EDTA as a phosphorus extractant for organic phosphorus analysis 
and found that sodium acetate buffer with sodium dithionite had high recovery 
phosphorus rate (Figure 2.1). Sodium acetate buffer (NaAc) was chosen for the solid-
state 31P NMR analysis. Fresh sodium dithionite (SD) and sodium hydroxide-EDTA 
were used to extract phosphorus. Solid-state 31P NMR was used to analyse metal 
complexation of organic phosphorus in manure products. As shown in Figure 2.1, He 
et al. (2007) compared enzymatic hydrolysis to NMR analysis for organic phosphorus 
analysis and found that the two analytical methods had similar results. Sodium 
bicarbonate-EDTA extracted 99% and 103% of phosphorus, respectively, in wet and 
dry manure, however, 71% and 65% of phosphorus in wet and dried poultry manures 
were extracted, respectively. 
Phytate is known as the main organic phosphorus in animal manures however its 
transportation and degradation are poorly understood. Thus, B. L. Turner, Cheesman, 
Godage, Riley, and Potter (2012a) analysed determination of neo- and D-chiro Inositol 
hexakisphosphate (IP6) to get more information of phytate. IP6 in soil was analysed 
using solution 31P NMR spectroscopy because Inositol hexakisphosphate (IP6) is a 
predominant organic phosphorus in soil (Turner et al., 2012 a, 2012b). 
Selected metals can also be extracted by sodium hydroxide-EDTA and hydrogen 
chloride. In the case of aluminium (Al), sodium hydroxide-EDTA and hydrogen 
chloride extracted 5.2-10.2 % and 5.0-8.8% of Al, respectively. However, calcium was 
extracted by 64.5-88.4% using sodium hydroxide-EDTA (Cade-Menun et al., 2015a). 
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Analysis of conventional tillage (CT), no-tillage (NT), chemical fertilisation (CF) and 
poultry litter applications (PL) was conducted (Cade-Menun et al., 2015b).  
 
Figure 2.1 Solid-state and Solution 31P nuclear magnetic resonance with extractants 
of water, NaAc-SD and NaOH-EDTA (source: He et al. 2007) 
2.3.4 Phosphorus distribution and stratification in soil  
Analysis of phosphorus accumulation, distribution and stratification in the soil matrix 
and analysis of phosphorus species have been conducted using spectroscopy and 
sequential fractionation methods. Cade-Menun et al. (2015b) found that phosphorus 
concentration in no-tillage pasture was high in surface soil at 0-2.5 cm (or 0-10 cm). 
It was also found that total phosphorus in Cecil sandy loam soil, which consisted of 
75% of brown sandy loam and 6% clay, was 285 mg/kg (CT-CF; conventional tillage 
and chemical fertiliser). Cade-Menun et al. (2015b) also concluded that 63-83% of 
total phosphorus were extracted by sodium hydroxide-EDTA from the soil amended 
with poultry litter and chemical fertilisers. Orthophosphate and phytate (myo-IP6) 
were measured to be 67.4% and 8.4%, respectively. Thus, orthophosphate and phytate 
were 42% and 5% of total phosphorus in soil. Hydrogen chloride was used to extract 
more phosphorus from the poultry litter due to the low phosphorus recovery rate of 
sodium hydroxide-EDTA for poultry litter compared to dairy manure. Sodium 
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hydroxide-EDTA is known as a strong extraction solution due to its high phosphorus 
recovery rate for dairy manures and soil, whereas phosphorus recovery rate by sodium 
hydroxide-ethylenediaminetetraacetic acid (NaOH-EDTA) for poultry manure was 
low compared to those of dairy manure and soil. Therefore, Cade-Menun et al. (2015b) 
used hydrogen chloride and sodium bicarbonate-EDTA to analyse the phosphorus 
stratification in poultry litter amended soil. Figure 2.2 shows stratification of 
orthophosphate and myo-IHP (phytate) through the soil profile. 
 
Figure 2.2 Distribution of orthophosphate and phytate at three different depth (source: 
Cade-Menun et al., 2015b)   
2.4 Phosphorus characterisation of manure products  
Phosphorus in manure, pond by-products and soil consists of various organic and 
inorganic forms. Inorganic, organic and total phosphorus should be determined firstly 
to establish the phosphorus distribution in soil treated with manure and pond by-
products. As described in section 2.3, labile forms of phosphorus comprise of 
phosphate and phytate (labile P) which can be short-term phosphorus suppliers. Stable 
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phosphorus and hydrolysable organic phosphorus in soil can be used by plant as a 
long-term phosphorus supplier.  
Pant-availability of P in dairy manure and pond by-products affects soil phosphorus 
accumulation rate as well as plant growth rate. Crop growth and water contamination 
are highly related to the concentration of labile phosphorus due to its solubility and 
dynamics in soil. Labile phosphorus in manure and pond by-products can be 
determined by sequential fractionation methods, spectroscopy and enzymatic 
hydrolysis. Plant-available phosphorus is known as labile, stable , bioactive and 
filterable reactive phosphorus (Dou et al., 2000; He et al., 2006a, 2006b; Dao et al., 
2006). Plant availability of phosphorus in manure and pond by-products can be 
categorised into labile and stable plant available phosphorus. Phosphorus 
compositions and forms in dairy manure and pond by-products vary over time and play 
an important role in phosphorus cycling in dairy farms and change of plant availability 
of phosphorus in soil. Thus, characteristics of manure and pond by-products should be 
determined before and after land application of manure and pond by-products.  
Several modified sequential fractionation methods based on Hedley sequential 
fractionation method have been introduced and used to analyse different manures (He 
et al., 2009, 2008, 2007, 2006) . Sequential fractionation method based on Hedley 
sequential fractionation for soil has been adapted to analyse labile and stable 
phosphorus in manure (Dou et al., 2000; Pagliari and Laboski, 2013). Variety of plant-
available phosphorus in dairy manure was extracted by water and sodium bicarbonate 
in sequential fractionations (Dou et al., 2000; He and Honeycutt, 2001; He et al., 2008, 
2006; Waldrip et al., 2011)  .  
Inorganic phosphorus can be determined using molybdite method and discrete 
analyser. Total phosphorus can be determined using the modified sodium bicarbonate 
fusion method for Australian soils, which is a modified method of Blackmore, Searle, 
and Daly (1987). Soil is digested for one hour by boiling in a water bath and filtered 
into 100 mL volumetric flask. Phosphorus in solution can be measured as 
orthophosphate. Polyphosphates will be hydrolysed during digestion. ICP-OES 
anlaysis with acid digestion method can also be used to determine total phosphorus. 
X-ray fluorescence spectrometry (XRFS) was used to determine total phosphorus and 
phosphorus fractions simultaneously.  
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Organic phosphorus can be obtained by differences between total phosphorus and 
inorganic phosphorus results. Also, organic phosphorus can be identified using 
sequential fractionation method with enzymatic hydrolysis (Poe) as the soluble and 
stable organic forms of phosphorus in soil and manure (Waldrip et al., 2011). 
Sequential fractionation procedure has been widely used for analysis of enzymatically 
hydrolysable phosphorus and non-hydrolysable phosphorus (He et al., 2006a, 2006b) . 
The EDTA-extracted analysis was also introduced and used to describe the manure 
phosphorus contents (Dao et al., 2006). He and Honeycutt (2001) analysed pig and 
cattle manure with enzymatic hydrolysis with modified sequential phosphorus 
fractionations. He et al. (2006b)  suggested enzymatic hydrolysis method under mild 
assay conditions compared to solution 31P NMR spectroscopy to characterise the 
manure organic and inorganic phosphorus components.  
2.4.1 Plant available phosphorus in different manure  
Different raw manures, such as swine, poultry and dairy manure, have different 
characteristics and labile phosphorus composition (Sommer et al., 2013). Most of raw 
manures has been reused as organic fertiliser for the grazing pastures within a farm. 
Manure products produced by different animals have changed the soil nutrient contents 
and composition in various ways. Collected dairy shed effluent (DSE) and other dairy 
manure products have various nutrient contents and compositions and there are many 
types of application methods. Due to the differences of nutrient contents and 
composition in animal manure, extraction solutions and methods should be chosen by 
the nutrient recovery rate (He et al., 2007; Turner, 2004). Thus, phosphorus 
characterisation and identification in different matrixes in terms of plant availability 
should be carefully considered.  
2.4.2 Sequential fractionation of phosphorus  
Most of labile phosphorus in raw manure can be extracted by water and sodium 
bicarbonate. Dao et al. (2006) and He et al. (2006a, 2006b)  had used soil sequential 
fractionation method to analyse labile phosphorus in different raw manure. It was 
concluded that 70% of the total phosphorus was extracted by water and 14% of total 
phosphorus was extracted by sodium bicarbonate. It was a somewhat high percentage 
compared to the other studies such as Dou et al. (2000).  
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A comparative study of two different extraction methods (single reagent extraction 
analysis and sequential extraction analysis) was conducted by Dou et al. (2000) to 
identify and improve extraction efficiency. Dou et al. (2000) found that 50-67% of 
labile P in total phosphorus was extracted by water and sodium bicarbonate (Figure 
2.3). It was found that water-extractable phosphorus, sodium-bicarbonate-extractable 
phosphorus and residues were 49%, 19% and 32% of TP, respectively. Deionised 
water extracted 53-64% of total phosphorus in manure (dairy and poultry manure) and 
sodium bicarbonate, sodium hydroxide and hydrogen chloride extracted 64-72%, 33-
54% and 90-97% phosphorus of total manure phosphorus, respectively. Dou et al. 
(2000) determined non-hydrolysed phosphorus in residue using acid digestion method. 
It was found that some of non-hydrolysed phosphorus (stable P) was extracted by 
several reagents such as sodium hydroxide (in alkaline condition) and hydrogen 
chloride (in acidic condition). These solutions for phosphorus extractions have been 
used to analyse plant availability of phosphorus along with water and sodium 
bicarbonate (Dou et al., 2000; He et al., 2008, 2006; He and Honeycutt, 2001; Pagliari 
and Laboski, 2013; Waldrip et al., 2011).  
 
Figure 2.3 Phosphorus contents in manure product by Dou et al. (2000)  
As seen in Table 2.2, He et al. (2006a, 2006b)  improved the sequential fractionation 
method of raw and treated manure using different extractants. It was found that water 
and sodium bicarbonate had a linear relationship with soil phosphorus, whereas 
sodium hydroxide-extractable manure phosphorus did not.  
Extraction time is also a critical factor for phosphorus extraction using sequential 
fractionation. This parameter affects the experiment results therefore extraction time 
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should be considered before using sequential fractionation. However, Dou et al. (2000) 
could not find any relationship between extraction time and extracted phosphorus. 
More extraction time might extract more nutrient however extended time could cause 
an error due to transformation and the biological hydrolysis by microorganisms during 
the extraction procedure. Dao et al. (2006) applied water extraction time of 60 minutes 
(Toor et al., 2005) and He et al. (2004) extracted phosphorus using water for 120 
minutes (He et al., 2008, 2006). Additionally, water extractable phosphorus can be 
used as an environmental indicator as H2O-P can be easily be lost due to water erosion, 
surface runoff and leachate. Water extractable phosphorus was extracted by ionized 
water for one hour and other phosphorus fractions (sodium bicarbonate extractable 
phosphorus, sodium hydroxide extractable phosphorus and hydrochloric acid 
extractable phosphorus) were extracted for 16 hours (Dao et al., 2006).  
Table 2.2 Phosphorus characterisation of dairy manure using sequential extraction   
P fractions  Plant availability of P 
Extractants for P 
extraction 
Total Extracted P Summation of extracted Pt  Summation of P fractions 
Water Extractable P 
(70%) 
Water-soluble P (Pi and Pt) Deionised Water (H2O) 
Sodium Bicarbonate 
Extractable P (14%) 
Labile adsorbed P (Pi and Pt) 0.5 M NaHCO3 (pH 8.5) 
Sodium hydroxide 
Extractable P (6%) 
Labile P associated with Al 
& Fe  
0.1 M NaOH 
Hydrogen chloride 
Extractable P (5%) 
Stable P; Mg and Ca-bound 
P  
1.0 M HCl 
Residue Recalcitrant insoluble P Acid digestion  
Note: Pi is inorganic phosphorus and more than 70 % of total phosphorus in dairy 
manure is labile phosphorus extracted by H2O and NaHCO3. 54 % of Po out of total 
extracted P are extracted by NaOH and HCl (Adapted by He et al., 2006). 
 
2.4.3 Phosphorus analysis with enzymatic hydrolysis 
Phosphorus in soil and manure products can be characterised by the sequential 
fractionation along with enzymatic hydrolysis in terms of plant-available organic 
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phosphorus. Phosphorus characterisation, using sequential fractionation, provides an 
estimate of labile and stable phosphorus. However, organic phosphorus species in 
manure products and soil cannot be identified by fractionation methods. Therefore, it 
is necessary to use hydrolysis method along with sequential fractionation method to 
determine phosphorus fractions simultaneously. As seen in Table 2.3, most of 
extracted phosphorus fractions were inorganic phosphorus. Extracted phosphorus was 
characterised as inorganic phosphorus, hydrolysable phosphorus and non-
hydrolysable phosphorus.  
Table 2.3 Percentage of phosphorus fractions analysed using modified sequential 
fractionations with enzymatic hydrolysis   
Parameter H2O NaHCO3 NaOH HCl 
Total extracted P, % 100 100 100 100 
Inorganic P, % 57.8 52.5 35.0 92.4 
Hydrolysable Po, % 19.4 4.7 11.9 1.3 
Non-hydrolysable 
Po, % 
22.8 42.8 53.1 6.3 
Note: Po is organic P. (adapted from He et al., 2010) 
 
Treated and composted manure products contain abundant plant-available phosphorus 
compared to raw manure as plants can use phosphorus more efficiently from the soil 
matrix. Labile phosphorus mostly consists of soluble inorganic phosphorus and easily 
hydrolysed organic phosphorus by microbial or enzymatic hydrolysis. Orthophosphate, 
which is the main inorganic phosphorus in soil and treated manure, can be used 
immediately by plants and microorganisms. A simple form of organic phosphorus can 
be transformed by microorganisms into simple inorganic phosphorus. Organic 
phosphorus can also be hydrolysed by root zone bacteria existed near rhizosphere. 
Many bacteria in rhizosphere can change complexed forms of phosphorus into simple 
phosphorus. Plants can use and hydrolyse the nutrients near the rooting zone easily. 
Plants can utilise the nutrient after hydrolysis (Sommer et al., 2013). Menezes-
Blackburn, Jorquera, Greiner, Gianfreda, and De La Luz Mora (2013) described that 
hydrolysed organic phosphorus by microbial phytases, which was found in plant tissue, 
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could be used by plants. Plant available phosphorus was extracted by water and sodium 
bicarbonate and labile adsorbed phosphorus was extracted by bicarbonate extracts (He, 
2013). However, to get a more details organic phosphorus, modified fractionation 
method, based on Hedley sequential fractionation, and enzymatic hydrolysis method 
were used to analyse plant available phosphorus followed by NMR analysis (He et al., 
2008).  
Enzymatic hydrolysis has been used to analyse the plant and bio-availability of organic 
phosphorus known as hydrolysable organic phosphorus. Many enzymatic hydrolysis 
approaches coupled with sequential fractionation methods were proposed to 
characterise organic phosphorus in various manure and soil. Several phosphatases 
have been introduced to hydrolyse the organic phosphorus into the inorganic forms in 
specific conditions. Thus, enzymatic hydrolysis methods were used to analyse organic 
phosphorus in manure along with sequential fractionations. Total organic phosphorus 
can be calculated as the difference between TP and inorganic P. Also, organic 
phosphorus can be determined by enzymatic hydrolysis. Thus, enzymatic hydrolysis 
method might give a better estimate of organic phosphorus than calculation (He et al., 
2006). He et al. (2006b) concluded that dairy manure application on soil had 
influenced soil bioavailable phosphorus compositions shortly compared to fertiliser, 
whereas it did not affect the soil properties and environmental conditions. He et al. 
(2004) used deionised water for extraction of incubated soil and dairy manure mixture 
for one or two hours and 0.5 M of sodium bicarbonate at pH 8.5 for 16 hours. The 
residue was extracted using 0.1 M sodium hydroxide for 16 hours and then analysed.  
Dao et al. (2006) proposed the sequential extraction analysis with water and EDTA 
extractants along with fugal phosphatase hydrolysis. Water extracted soluble 
phosphorus and EDTA recovered the rest of the phosphorus, which represented 
calcium and magnesium bound-phosphorus in manure. Enzymatic hydrolysis was 
carried out to extract the residual phosphorus with EDTA extraction. Dao et al. (2006) 
found that water extractable phosphorus and calcium and magnesium bound phosphate 
were 16% and 15% in manure, respectively out of TP. Water with sodium acetate 
buffer (pH 5.0) solution was also used to characterise labile organic phosphorus along 
with enzymes such as potato acid, wheat germ and P1 phosphatases. Dao et al. (2006) 
also proposed another enzymatic hydrolysis method using phytate-hydrolysis 
phosphatase with EDTA (EDTA-PHP) extraction method. Phosphatase analysis was 
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based on the enzymatic hydrolysis analysis of organic phosphorus in soil and manure 
(Waldrip et al., 2012). 
Another enzymatic hydrolysis method under mild assay conditions was proposed to 
identify organic forms of phosphorus in manure. He et al. (2006)   proposed an 
improved organic phosphorus fractionation method to reduce the error by degradation 
of organic phosphorus. Table 2.4 shows phosphorus fractions analysed with water, 
sodium bicarbonate and phosphatase (hydrolysed organic phosphorus). Hydrolysable 
phosphorus can be obtained in acid, alkaline and mild assay condition. Analysis with 
a single set of incubation make less systematic errors. He et al. (2006) proposed 
hydrolysis analysis with potato acid phosphatase to analyse manure phosphorus under 
pH 4.8 at 37 °C instead of alkaline phosphatase to obtain simple-monoester. This was 
due to the incubation condition of the acid potato phosphatase, which was close to 
optimal temperature of 37 °C and pH of 5.0 (He et al., 2006).  Acid phosphatase (potato 
and wheat germ) and acid phosphatase (potato and wheat germ) with P1 phosphatase 
were also used to get phytate-like P and polynucleotide-like P, respectively. 
Table 2.4 Phosphorus species analysed by modified Hedley sequential fractionation   
Extractable fractions (H2O, and NaHCO3) H2O (%) NaHCO3 (%) 
Inorganic P Inorganic P 57.8 52.5 
Enzyme-hydrolysed 
organic P 
Simple monoester Po 0.3 0.5 
Phytate-like Po 7.2 0 
DNA-like Po 5.1 4.2 
Pyrophosphate Po 6.8 0 
Non-hydrolysable 
organic P 
Non-hydrolysable Po 23.2 42.3 
Total extracted P 










2.4.4 Phosphorus characterisation with spectroscopic methods 
As discussed in sections 2.4.2 and 2.4.3, phosphorus plant availability in different 
matrixes can be analysed through fractionation and enzymatic hydrolysis, however 
phosphorus species also can be determined by spectroscopic method. There are several 
spectroscopy methods used to determine the phosphorus species such as X-ray 
fluorescence spectrometry (XRFS), X-ray absorption near edge structure (XANES) 
and solution 31-phosphorus nuclear magnetic resonance (31P NMR) spectroscopy 
(Dao et al., 2011). A phosphorus analysis with 31P NMR is reliable for soil and dairy 
manure phosphorus identification. Also, solution 31P NMR can be used to determine 
phosphorus species of other manure products in order to evaluate plant-available 
phosphorus. Spectroscopy (e.g. NMR) was introduced and developed to analyse the 
organic nutrients (Hart, 1999). The P analysis using NMR and hydrolysis commonly 
used to analyse organic phosphorus. Researchers conducted enzymatic hydrolysis and 
NMR analysis and concluded that the results of both analyses were similar. However, 
solution 31P NMR gave more comprehensive information about inorganic and organic 
fractions than enzymatic hydrolysis (He et al., 2007, 2008). Phosphorus species can be 
characterised by 31P NMR (31 phosphorus Nuclear Magnetic Resonance) in manure 
(He, 2013) and in soil (Annaheim et al., 2015a; Cade-Menun et al., 2015). The 
sequential fractionation method for soil (Cade-Menun et al., 2010) and manure (Toor 
et al., 2005) with NMR analysis were undertaken to find out which methods were 
appropriate to characterise and specify phosphorus forms more efficiently.  
Toor et al. (2005)  indicated that the analytical techniques, such as 31P NMR, could be 
applied to analyse phosphorus fractions in manure. It was also illustrated that 
enzymatic hydrolysis could be used to identify relationships among diets, faeces and 
manure. Enzymatic hydrolysis gave an estimate of labile phosphorus whereas nuclear 
magnetic resonance (NMR) spectroscopy analysis could identify most phosphorus 
species in soil and manure products. Spectroscopy can analyse organic phosphorus as 
well as inorganic phosphorus at the same time. The dominant inorganic form in dairy 
manure is orthophosphate and the dominant organic species is myo-IP6 (myo-IHP). 
However, analysis of spectroscopy should be carefully applied due to various nutrient 
recovery rate and the background noise (Annaheim et al., 2015a). Solution 31P NMR 
spectroscopy is adapted to identify labile fractions of the inorganic and organic 
phosphorus in manure products (Cade-Menun et al., 2015a, 2015b; He et al., 2009; 
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Toor et al., 2005). Phosphorus stratification and distribution in soil are also evaluated 
by spectroscopy (Cade-Menun et al., 2015, 2010). Solution 31P NMR analysis proves 
that spectroscopy can be used to characterise specific organic phosphorus contents and 
compositions compared to those of enzymatic hydrolysis coupled with sequential 
fractionation (Annaheim et al., 2015a; Cade-Menun et al., 2015, 2010; He et al., 2008). 
Thus, 31P NMR can be used to characterise labile phosphorus and identify phosphorus 
species in soil and dairy manure products. 
He et al. (2008) pointed out that background noise of equipment affected the results of 
analysis with NMR, along with sequential fractionation, therefore the result of NMR 
analysis might not be reliable. He et al. (2007) also indicated that the sodium 
hydroxide-EDTA solution recovery rate in poultry and dairy manure had a correlation 
between NMR and enzymatic hydrolysis. Poultry litter analysis of NMR and 
enzymatic hydrolysis could be reliable however, the soil result was not clear between 
sequential fractionation and NMR. On the other hand, Annaheim et al. (2015a) 
recently studied Solution 31P NMR characterisation of soil treated with different dairy 
manure products. It was found that the soil extraction recovery rate was 73-87% of 
total phosphorus and fertiliser extractable efficiencies of total phosphorus were 67%, 
85% and 92% of manure (MAN), composted manure (COM) and dried sewage sludge 
(DSS), respectively. Turner (2004) found that recovery rate using sodium hydroxide-
EDTA was 82-97%, which was higher than sodium hydroxide or hydrogen chloride 
solution alone. Sodium hydroxide-EDTA was used to extract soluble phosphorus in 
manure and this revised method was suggested to analyse manure products with NMR . 
Phosphorus recovery rate using hydrogen chloride solution was also high, however the 
sodium bicarbonate recovery rate was not high enough to represent total phosphorus 
(Turner, 2004; Turner et al., 2004b). Therefore, solution 31P NMR spectroscopy could 
be used to specify most phosphorus fractions in soluble forms using sodium hydroxide-
EDTA. He et al. (2009) suggested the sodium acetate buffer sodium dithionite (SD) 
extraction method for analysis of phosphorus species in manure. Thus, these solutions 
could be used for soil and manure speciation (Cade-Menun et al., 2015; He et al., 2009). 
Additionally, sodium hydroxide-EDTA and hydrogen chloride were used to extract 
phosphorus for phosphorus characterisation analysis due to the low poultry litter 
phosphorus recovery rate by sodium hydroxide-EDTA compared to those of dairy 
manure. Extraction recovery rate of sodium hydroxide-EDTA was 63-83% of 
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phosphorus and hydrogen chloride recover rate was 2-16%, respectively. Hence, 
phosphorus recovery rate and the type of extractants should be considered carefully 
when NMR analysis is used to characterise phosphorus.  
Phosphorus is divided by chemical shift and each divided phosphorus has a peak and 
peak area in the NMR spectra. Every fraction was detected at specific ppm in the 
nuclear magnetic resonance and each peak represented a percentage of phosphorus 
fractions. Figure 2.4 illustrates the phosphorus fractions. Orthophosphate was detected 
at 6 ppm (chemical shift). The chemical shift has delta (δ) units that are dependent on 
the chemical environment of phosphorus and independent of the instrument. The Delta 
unit is measured by the peak of a reference compound which is tetramethyl-silane 
(TMS; (CH3)4Si) and peak area (Hart, 1999). Particle information can be obtained by 
spectrum analysis. Total analysis time was 1-4 hours (2200 to 2900 scans) and 12 /Hz 
spinning at 20 °C was used (Cade-Menun et al., 2015b). Before NMR analysis, 
phosphorus was extracted by NaOH-EDTA and freeze-dried. 
 
Figure 2.4 Phosphorus species analyse using solution 31 P nuclear magnetic resonance 
(source: Cade-Menun et al., 2015)  
2.5 Effects of the pond sludge application  
2.5.1 Application of organic fertiliser 
There are many factors, such as soil physicochemical properties, type of applicants 
and irrigation types, that affect the treated manure application efficiency on the soil 
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eco-system. Abdala et al. (2015) indicated that application of dairy shed wastes, such 
as dairy manure, pond sludge and effluent, affected the soil phosphorus distribution 
and kinetics. A solid type manure and pond by-products application such as slurry or 
sludge, which included a large amount of total solid, does not immediately infiltrate 
into the root zone through the soil profile and remains on the soil surface for a while 
and steadily infiltrates into the soil profile (Laurenson and Houlbrooke, 2014). On the 
other hand, liquid type applicants like dairy shed effluent (DSE) and pond effluent 
infiltrates soil quickly and easily drained into the groundwater (Li et al., 2014).  
Application methods (e.g. surface application and subsurface injection methods) also 
affect the fertiliser application efficiency and productivity of the crop yield. 
Application types, such as spray and flood irrigation, are important factors which are 
related to the phosphorus use efficiency (PUE) and recycling rate. Bittman et al. (2012) 
studied the injection type of application to improve the corn productivity. Phosphorus 
use efficiency (PUE) in the soil was used to analyse herbage crop yield. Short and 
long-term effects on organic fertiliser amended soil should be identified to evaluate 
the manure nutrient use efficiency and distribution as the nutrient composition would 
be changed over time (Vanden Nest et al., 2014). Conventional tillage also has an 
impact on soil fertility thus, phosphorus distribution with no-tillage and poultry litter 
application in soil were analysed. Cade-Menun et al. (2015)  analysed orthophosphate 
and myo-IHP and found correlation to phosphorus distribution in soil.  
2.5.2 Application efficiency of different type of manure products  
Land application of raw manure, such as poultry, swine and dairy manure, have been 
studied to evaluate the efficiency of organic fertilisers in comparison to chemical 
fertilisers (Abdala et al., 2015; Gichangi et al., 2010; Laurenson and Houlbrooke, 2014; 
Pagliari and Laboski, 2013; Waldrip et al., 2011). Phosphorus fractions and 
distribution in soil were affected by the types of manure for long-term application 
(Abdala et al., 2015; Pagliari and Laboski, 2013).  
Compost applications are regarded as a more effective strategy for keeping the sound 
soil and more productive for the plant growth in paddocks than other applicants 
(Brown and Cotton, 2011). However, the relationship between compost application 
and plant which had high nutrient demand was not classified. Compost supplies 
bioavailable inorganic nitrogen to the plant and in addition it provides inorganic 
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nitrogen (nitrate is dominant) as long-term supplements compared to liquid manure 
and fertiliser (Habteselassie, Stark, Miller, Thacker Seth G, & Norton, 2006a, 2006b). 
Compost application has also been used to reduce loss of nutrients and to increase 
infiltration rate and water holding capacity in soil (Guo and Li, 2012). Dougherty and 
Chan (2014) found that compost application improved soil physical properties such as 
water stable aggregates and infiltration rates. It was also found that runoff volume 
decreased around 50% at 62.5 tonne/ha and 125 tonne/ha of compost application 
compared to conventional treatment plots. Loss of suspended solids (SS) due to runoff 
was also reduced by 6404 mg/L of compost treatment compared to 9068 mg/L of non-
compost treatment.  
Various irrigation methods like spray, flood and injection applications have been 
introduced and developed to increase the nutrient use efficiency and decrease the 
nutrient loss (Di et al., 1998; Jacobs and Ward, 2007a, 2007b). In New Zealand, 
different application methods were applied on the grazing pasture to establish the 
relationship between nitrate leaching rate and perennial ryegrass (Lolium perenne) and 
white clover (Trifolium repens) yields in Templeton sandy loam soil. Di et al. (1998) 
concluded that the Templeton sandy loam soil with flood application resulted in a 
decrease in nitrate leaching rate and an increase of perennial ryegrass yield in the 
second year. It was also emphasized that different regulatory for various types 
application on soil was necessary. Monolith lysimeters, which had 80 cm diameter and 
120 cm depth, were installed on the Templeton sandy loam soil in the site and leachates 
were collected. Herbage dry matter yield was increased by dairy shed effluent (DSE) 
application and NH4Cl application. DSE and NH4Cl applications increased by 11.73-
18.36 tonne/ha and 11.22-13.14 tonne/ha of herbage dry matter yield, respectively. 
These results were higher than the control site of 8.83-13.14 tonne/ha. Finally, Di et 
al. (1998) concluded that flood application caused soil surface nutrients accumulation 
and nutrients loss as runoff whereas spray application led to subsurface nutrients 
accumulation and nutrient loss as leachate. Bittman et al. (2012) carried out separated 
dairy sludge injection study in the corn plot and indicated that the side-banded fertiliser 
application was effective. Injected irrigation method was considered as a good way to 
prevent the emission of the nitrous oxide from soil and prevent the loss of nutrients 
due to runoff. 
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Anaerobic treated sludge contains less total phosphorus than raw manure or effluent, 
however pond sludge still contains highly available phosphorus that can be easily 
utilised by plants and stable phosphorus that can be transformed to the available forms 
(Bittman et al., 2012; Jacobs and Ward 2007a, 2007b, 2008; Ward and Jacobs, 2008a, 
2008b). Also, pond sludges were an efficient and effective long-term nutrient supplier 
to the grazed pasture and at the same time is good conditioner of the soil chemical 
properties such as pH, cation exchange capacity (CEC) and organic matter contents 
(Ward and Jacobs, 2008a). It was found that dairy pond sludge contained a number of 
nutrients that could maintain the soil physio-chemical properties and improve 
microbial biomass growth and activities in soil (Zaman et al., 1998). Zaman et al. 
(1998) also found the positive relationship between nutrient mineralisation of pond 
sludge application and the decreasing leaching rate of ammonium and nitrate. Thus, 
temporal and special parameters of irrigation, the type of application methods, nutrient 
contents and composition as well as soil properties should be considered when dairy 
manure and pond sludge are applied on soil.  
2.5.3 Pot experiment 
Pot experiment is a very useful method to analyse the nutrient use efficiency of manure 
products (raw manure and composted manure) and pond by-products (pond sludge, 
crust and effluent) application (Joardar and Kawai, 2014; Waldrip et al., 2012). 
Kalavrouziotis et al. (2011) applied municipal wastewater on cabbage planted soil in 
a greenhouse to measure Cl and Cd interaction. Forty pots (220 mm diameter) were 
filled with 5.25 kg of soil and five different applications were applied. Joardar and 
Kawai (2014) planted Japanese mustard spinach on 1000 mL plastic pots with pig 
manure and soil mixture to analyse arsenic concentration change in the glasshouse.  
 
Figure 2.5 Micro-lysimeter (Source: Flumignan et al. (2012)) 
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Figure 2.5 shows that lysimeter has 100 mm internal diameter and depth of 150 mm. 
Flumignan et al. (2012) tested micro lysimeter to measure evaporation rate of the soil. 
Installed micro-lysimeter (D), which consisted of outer envelope (C), cap (A) and 
micro-lysimeter (B), was used to measure the evaporation of the soil nutrient instead 
of the conventional lysimeter. Micro lysimeter measurement of evaporation results 
was similar to conventional lysimeter therefore the micro-lysimeter can be used for 
evaporation study rather than the conventional lysimeter.  
2.5.4 Nutrient in soil after organic fertiliser application 
Macronutrients (e.g. phosphorus, nitrogen and potassium) play an important role in 
crop yield because macronutrients can be a limiting factor for plant growth and water 
contamination such as algal blooms and eutrophication. Therefore, nutrient plant-
availability and compositions of dairy manure and soil should be categorised 
simultaneously to increase the crop yield and reduce the loss of nutrients from the soil 
matrix. Many researchers concluded that treated manure application affected the soil 
phosphorus distribution and soil fertility. As shown in Table 2.5, the soil properties 
and nutrient parameters are affected by different sludge application rates. Extracted 
sludge from the bottom of the primary pond was sprayed into the dairy farm paddock. 
Four different rates of sludge, zero (control site), 15 mm, 42 mm and 85 mm of sludge, 
were applied on the pasture and monitored.  
Cameron et al. (1996b) studied nutrient dynamics in soil, such as macronutrient 
accumulation and leaching, to increase the plant production of pasture. Armour, 
Nelson, Daniells, Rasiah, and Inman-Bamber (2013) conducted the study of nitrogen 
mineralisation in soil and loss due to leaching to reduce the impact of nitrogen on 
contamination of waterways. Zaman et al. (1998) indicated that the application of dairy 
pond sludge increased the nitrogen mineralisation rate and increased microbial and 
enzyme activity. It was also emphasised that organic waste had different mineralisation 
rate and potentials due to their various nitrogen compositions. Habteselassie et al. 
(2006b) found that repeated application of composted dairy-waste increased the soil 
organic carbon and nitrogen as well as available phosphorus and potassium with 




Table 2.5 The change of properties in soil treated being primary pond sludge, in which 
analysis was conducted before and after land application of primary pond sludge in 





15 mm (2007) 42 mm (2007) 85 mm (2007) 
pH 5.4 5.4 5.4 5.4 5.6 
EC, dS/m 0.24 0.22 0.37 0.59 0.92 
Total soluble 
solids, % 
0.08 0.08 0.13 0.20 0.31 
Total C, g/100g 5.1 4.9 5.1 5.3 5.9 
Total N, g/100g 0.39 0.36 0.38 0.40 0.46 
Olsen P 25 25 25 31 33 
Organic Matter, 
g/100g 
9.3 8.9 9.3 9.7 11.3 
Nitrate N, 
mg/kg 
 65 98 148 210 
C: N ratio 13.1 13.6 13.4 13.3 12.8 
Ca: Mg ratio 3.9 4.0 3.6 3.5 3.3 
ESP 1.21 1.19 1.44 1.74 2.04 
Note: Adapted by Ward and Jacobs (2008a).  
Gross nitrogen mineralisation, which was affected by different fertiliser application 
rates and microorganisms, and nitrification rates, should be analysed as inorganic 
nitrogen composition influenced the nitrogen cycling in soil. Phillips et al. (2015) 
indicated that microorganisms influenced mineralisation and nitrification rate, 
therefore microbial biomass should be analysed to evaluate the organic nitrogen 
cycling. Dell, Meisinger, and Beegle (2011) analysed the impact of the different types 
of application methods, such as surface application and subsurface application 
(injection) of cattle and swine slurry, on the nitrogen balance to evaluate the nitrogen 
dynamics. Additionally, it was found that nitrogen was lost as a gaseous phase into the 
air and leachate through the soil profile. Soil nitrogen leaching studies have been 
conducted by many researchers to measure nitrogen loss as a liquid form. Dairy 
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manure applications led to an increase in nitrogen loss due to leaching after dairy 
manure application (Salazar et al., 2012; Sørensen and Rubæk, 2012).  
2.5.5 Effects of pond by-products application on plant 
Herbage dry matter and crop yield rate have been used to evaluate the efficiency of the 
dairy manure application on soil. Table 2.6 illustrates the changes in herbage dry 
matter in soil amended by dairy sludge. Plant dry matter (DM) increased from 44% to 
120% at 85 mm rate of sludge application. Ward and Jacobs (2008a) found that first 
turnip responses were low at 10 mm of sludge application and triticale was much 
higher at 83 mm of sludge application. Second turnip yield was 4.93 tonne DM/ha at 
76 mm of sludge application and annual ryegrass yield was 8.37 tonne DM/ha/mm at 
53 mm of sludge application.  
First turnip dry matter (DM) was collected in July 2006 and Triticale was collected in 
2007. Annual ryegrass and second turnip were sampled in 2007. DM yield increases 
in high application rate (85 mm) were compared to the untreated soil (control). For 
annual ryegrass crop in 2007 and the second turnip crop in 2007/08, there was a 
quadratic trend (P<0.001) in DM accumulation indicating reducing DM responses per 
mm of sludge at the high application rates 
Table 2.6 Dry Matter (DM) yield in pasture soil amended by dairy sludge in 2006   
Parameter 
DM yield responses,  
kg DM/104 m2/mm 
Peak DM Yield,  
tonne DM/ha 
DM yield increasing,  
% in 85 mm 
First Turnip 10  - - 
Annual ryegrass - 8.37 at 53 mm 44 
Triticale (Second crop) 83  - 120 
Second turnip (Third crop) - 4.93 at 76 mm 68 
Note: adapted by Ward and Jacobs (2008a). 
 
Table 2.7 shows that an increase of pond sludge application rate resulted in an increase 
in plant dry matter yield. Total dry matter yield increased from 5,630 kg DM/104 m2 
at 5 mm of pond sludge application to 9,370 kg DM/104 m2 at 30 mm of pond sludge 
application. pH in soil treated with pond sludge increased by 0.5 units at 85 mm of 
pond sludge application. Also, Olsen P increased from 25 mg/kg to 33 mg/kg at 85mm 
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of pond sludge application. Ward and Jacobs (2008b) concluded that unlike secondary 
pond effluent, primary pond sludge decreased dietary cation anion difference (DCAD) 
for herbage, which was related to animal metabolic diseases.  
Table 2.7 Application rate of pond sludge and total dry matter yield in herbage 
Application rate  0 mm  5 mm 10 mm 20 mm 30 mm 
Dry matter yield,  
kg DM/104 m2 
4,870 5,630 6,600 7,690 9,370 
Note: adapted by Ward and Jacobs (2008b). 
 
Ward and Jacobs (2008a) applied primary pond sludge on the grazing pasture to 
promote the growth of perennial ryegrass, annual ryegrass, triticale and turnips. Ward 
and Jacobs (2008b) found that the dry matter (DM) yield in perennial ryegrass 
increased by 66% at 30 mm pond sludge application more than the control site for 11 
months. Primary pond sludge contained abundant agronomical nutrients decomposed 
and produced by many anaerobic organisms (Ward and Jacobs, 2008a). Herbage dry 
matter (DM) was analysed separately as shoot, root and stems in a plant. Plant samples 
were dried at 65 °C for 70 hours and measured as dry matter phosphorus percentage 
(Ward and Jacobs, 2008a, 2008b).  
Jacobs and Ward (2007a, 2007b) found that secondary pond dairy effluent included a 
wide range of phosphorus fractions and pond effluent application affected the nutrient 
fractions and compositions of the perennial ryegrass. It was found that nutrients in 
effluent were valuable offset or even substitute for synthetic fertilisers. Thus, 
application of pond effluent and sludge is advantageous to dairy industry by not only 
saving money but also improving soil fertility of the grazing pasture.  
Waldrip et al. (2012) applied raw dairy manure on the Sorghum-Sudangrass pasture to 
compare the efficiency of organic dairy manure application to conventional dairy 
manure application. Sorghum-Sudangrass was planted on 2 kg of soil and manure 
mixture pots in a greenhouse. The plant samples were collected after 16 weeks and 
dried at 65 °C for 48 hours. Waldrip et al. (2012) indicated that high manure carbon 
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content might increase the phosphorus availability in soil and that organic manure and 
conventional applications had a similar effect on the soil matrix.  
Marmiroli et al. (2012) studied raw dairy effluent mixture (urea and faeces) application 
on willow tree pasture and nutrients leachate collected by lysimeter. Liquid type dairy 
effluent was found to contain more dynamic nutrient fluxes than semi-solid manure or 
pond sludge application. Effluent irrigation on the willow pasture resulted in an 
increase of plant growth rate and leaves biomass, while leaving uptake of essential 
trace elements by plants unaffected.  
2.6 Assessing nutrient dynamics  
Nutrients budgeting tool based on nutrient dynamic model and mass balance model 
have been used to analyse nutrient flux and dynamics in soil treated with manure and 
pond by-products. The model for effluent disposal using land irrigation (MEDLI) was 
developed to analyse effluent disposal for intensive rural, agricultural industrial 
processors and sewage treatment plants by the CRC, QDNR (Queensland Department 
of Natural Resources) and QDPI (Queensland Department of Primary Industries). 
MEDLI contains dairy module to estimate waste streams, total solids, volatile solids, 
total nitrogen, total phosphorus and potassium. With respect to the dairy waste, dairy 
waste estimation model can calculate nutrient characteristics such as total solid, 
volatile solid, total nitrogen, total phosphorus and potassium. Estimation is based on 
the daily volume of water used in the dairy shed (MEDLI Technical Description, 2003). 
MEDLI model includes the groundwater model (PLUMEE). Pond module contains 
waste estimation, pond chemistry and water balance. Irrigation module contains 
irrigation and shandying, and plant growth modules contain soil water movement and 
soil nutrient movement. New version of the MEDLI has been release June 2015 and 
the model is recommended by Queensland for the right decision making for 
wastewater irrigation. Many other models, such as FARMFLOW and Overseer 
nutrient budget programme, have been used to analyse the nutrient balance and 
dynamics within dairy farms. Chen et al. (2010) proposed and developed substance 
flow analysis (SFA) to analyse released nutrient from the agricultural area and Shi et 
al. (2015) analysed the soil P balance and dynamic in Taihu lake region. In Australia, 
Gourley et al. (2007) used nutrient budgeting tool to analyse nutrient loss in a whole 
farm scale. McDowell et al. (2013) tried to evaluate the nutrient loss using Overseer 
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nutrient budget programme in New Zealand. Simmonds, McDowell, Condron, and 
Jowett (2015) also studied P loss in soil using Overseer nutrient budget programme. 
In Sweden, Oborn et al. (2005) analysed the nutrient and trace element mass balance 
and dynamics on the farm scale using FARMFLOW model.  
2.7 Research Gap 
Nutrient characterisation methods of dairy manure and composted manure products 
have been introduced and developed to evaluate the nutrient distribution for the dairy 
farms’ nutrient management. Manure products, which include abundant nutrients, 
have been used to increase the soil fertility and improve the crop yield. Total 
phosphorus and labile phosphorus have been used to explain phosphorus distribution 
and relationships between manure products and soil. Analysis based on the modified 
Hedley sequential extraction method and spectroscopy method has been used to 
determine labile and stable phosphorus distribution and phosphorus composition in 
soil. Water and sodium bicarbonate are main extractants of labile phosphorus. Strong 
alkaline and acid are used to extract all fractions of phosphorus including labile 
phosphorus and mineral-bound phosphorus.  
However, comparative study of various dairy pond by-products and soil treated with 
pond by-products has not been established well. Hedley sequential fractionation has 
been used to analyse the phosphorus plant-availability of the soil and manure products. 
Manure and pond by-products contain different proportion of phosphorus contents and 
fractions, thus its effects on the soil fertilities and phosphorus distribution may be 
insignificant. Plant available phosphorus can be characterised as several available 
forms such as immediately, readily, moderately and slowly plant available phosphorus. 
Filterable reactive phosphorus (FRP) in pond effluent was used to analyse labile 
phosphorus in wastewater. Comparative study of plant-availability and total 
phosphorus was used to explain phosphorus species and distribution in pond by-
products and soil treated with pond by-products in dairy farms. Thus, this study will 
be helpful to make decisions on phosphorus recycling within dairy farms. Table 2.8 





Table 2.8 Summary of knowledge gap  
Items Work that has been done Work needs to be done 
1. Phosphorus 
fractions of raw 
manure, and pond 
sludges 
Phosphorus fractions for 
raw and composted 
manure.  
Comparative analysis of 
phosphorus fractions in 
stockpile (raw manure), 
primary and secondary 
pond sludges. 
2. Phosphorus 
fraction changes in 
soil treated with 
the pond sludge.  
Total phosphorus and water 
extractable phosphorus 
analysis to evaluate the 
potential loss of the 
phosphorus.  
Analysis of phosphorus 
fractions in soil treated 
with pond sludge on the 
paddocks to evaluate the 
changes in all the soil 
phosphorus fractions.  
3. Comparative study 
of pasture 
response for pond 
sludges and 
effluent  
There are individual studies 
carried out with respect to 
each type of pond effluent, 
sludge and raw manure and 
effect on the grass and 
leachate. 
Comparative study of 
pasture response and losses 
of phosphorous and water 
in soil treated with pond 
sludges and supernatant. 
 
2.8 Objectives and Scope of Research 
Following the identification of research gaps in section 2.7, the following specific 
objectives were identified: 
1) To determine phosphorus fractions in the soil, dairy manure and pond by-
products (sludge and crust).  
2) To analyse phosphorus fractions, nutrients and organic matters in soil treated 
with pond sludge generated from the two-pond effluent treatment system, and 
to identify the effects of the pond sludge application to the soil.  
3) To determine the relative advantages of primary and secondary pond sludges 
application on grass yield and soil fertility. Also, to determine the amount of 
the phosphorus uptake by plants and lost via leachate. 
Modified Hedley sequential fractionation analysis was used to analyse labile and stable 
phosphorus fractions in different manure, pond by-products and soil treated with pond 
by-products. Liquid forms of manure and pond by-products were analysed for 
filterable reactive phosphorus (FRP). Raw manure, pond by-products and soil were 
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analysed using sequential extraction method. Water extractable phosphorus (H2O-P), 
sodium bicarbonate extractable phosphorus (NaHCO3-P), sodium hydroxide 
phosphorus (NaOH-P) and hydrogen chloride extractable phosphorus (HCl-P) were 
determined using the sequential fractionation. 
The change of the phosphorus fractions in soil after pond sludge application was 
analysed. Analysis of phosphorus fractions and grass dry matter yield in soil treated 
with pond by-products was also conducted with pot experiments for accessing the pond 
by-products application efficiency. Additionally, losses of phosphorus and nutrient 
due to leachate after pond by-products application were analysed for accessing the 
potential losses of water and nutrient. The phosphorus use efficiency in soil treated 
with pond by-products was analysed for phosphorus crop response, phosphorus loss 
and its effects on the soil fertility. Ryegrass samples were collected regularly and were 
analysed for total phosphorus. After dismantling pots, soil samples were collected and 
analysed using the modified Hedley fractionation method to determine labile and 
stable phosphorus. Also, ryegrass (roots and leaves) samples were collected and 
analysed for nutrients at the end of the experiments.  
Phosphorus recycle scheme can be established with comparative phosphorus analysis 
among manure, pond by-products and paddock soils. Information of analysed 
phosphorus fractions can be used to maintain proper and sustainable phosphorus 
management within the dairy farm. Thus, the study of labile and stable phosphorus 
correlation between different manure, pond by-products and soil can provide a better 
idea of improving the phosphorus recycling within dairy farming and a dairy 
management guideline. To reach the goal, firstly phosphorus characterisation of pond 
by-products (pond sludges and crust) and raw manure will be analysed using sequential 
fractionation in terms of the plant availability. Secondly, analysis of phosphorus 
fractions within the ponds and soil treated with pond by-products will be undertaken 
to evaluate effects of the pond by-products on the soil phosphorus fractions. Finally, 
the effects of the pond by-products on crop yield, phosphorus use efficiency and loss 





CHAPTER 3  
METHODOLOGY  
This chapter describes materials and methods, which were used to characterise 
phosphorus fractions of pond sludge, crust and effluents (pond by-products) in the two-
pond (effluent treatment) system, and analysis of characteristics of pond by-products. 
Pot experiments are also described in this chapter.  
Identification of phosphorus (P) fractions is necessary to maintain sustainable 
utilisation of P in a dairy farm. Land application of pond sludge and effluent influence 
soil physico-chemical properties and increase soil labile P and stable P. Labile P 
consists of water extractable P (H2O-P) and sodium bicarbonate extractable P 
(NaHCO3-P), which is described in section 3.3. Stable P consists of sodium hydroxide 
extractable P (NaOH-P) and hydrogen chloride acid extractable P (HCl-P). Plant 
growth may be affected by the increase of soil labile P (immediately and readily plant 
available P) in short term and stable P (moderately and slowly plant available P) in the 
long term. However, excessive plant available P can cause an increase of P loss due to 
water erosion, surface runoff and drainage leachate resulting from its solubility and 
mobility. In this study, sequential fractionation method was used to characterise 
organic and inorganic P forms in primary (anaerobic) and secondary (facultative) pond 
sludges, especially, in terms of plant-availability. Soil P and characteristics were also 
analysed to evaluate soil P fractions and land application efficiency of pond sludge. 
Nutrient analytical methods are described in soil chemical methods described in 









3.1 Study area  
3.1.1 Location of the case study dairy farm  
 
Figure 3.1 Location of Schofield Holstein dairy farm in Avoca, NSW, Australia   
To conduct this study, a dairy farm was selected. The dairy farm is located in Avoca, 
NSW, Australia and is within the Southern Highland dairy region (Schofield Holsteins 
dairy farm). Dairy manure (stockpile and dairy shed effluent), pond by-products (pond 
sludge, crust and effluent) and soil in paddocks were collected from the Schofield 
Holstein dairy farm (Figure 3.1). The total farm area is 160 ha and the total cultivated 
area is 140 ha (20 ha of bushland). In 2016, the number of milking and non-milking 
cows were 370 and 12, respectively. Milk was produced at a rate of 21.5 L/day/cow 
and the gate price for the milk was 50 cent/L. Milking was conducted twice a day and 
after milking, recycled water from the secondary pond was used to wash the milking 
parlour. The generated dairy shed effluent (DSE) flows into the primary pond via a 
solid trap and flume.  
3.1.2 Description of the two-pond effluent treatment system  
Dairy shed effluent (DSE) produce a mixture of the secondary pond recycle water 
(supernatant) and dairy raw manure, is stored and treated in the two-pond system. 
Figure 3.2 shows the two-pond system installed next to the dairy shed in Schofield 
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Holstein dairy farm. The two-pond system consists of a solid trap, primary pond, and 
secondary pond. Volumes of primary and secondary ponds were 1,551 m3 and 3,387 
m3, respectively. The supernatant of the secondary pond was used to wash the holding 
area adjacent to milking shed and to irrigate grazing paddocks. Paddock F1 is located 
in the southern part of the dairy shed and Springer paddock is located next to dairy 
shed. Soil samples were collected from paddock F1 and were used for nutrient analysis 
and the soil of Springer paddock was used for pots experiment. 
 
Figure 3.2 Paddock F1 (left) and two-pond wastewater treatment system (right)  
 
Figure 3.3 Diagram of equipment installed in ponds and sampling location  
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3.1.3 Descriptions of the soil in grazing paddock  
There are two main grass species in grazing paddocks, namely (red) clover and (Italian) 
ryegrass at the dairy farm. Pond sludge and effluent were used as a substitute for 
fertiliser in the paddocks to supply nutrients to the plant. Figure 3.4 illustrates the 
paddocks in the dairy farm. The pond slurry was applied to paddocks (C3, F2, F5, F6, 
F7, F8, F9, F10, F11 and F12). The pond slurry was applied three times to a part of 
paddock F6. The pond slurry was applied one time to paddocks F2, F8 and F10. 
Several fertilisers were applied to each paddock from 2016 to 2017. The soil of 
paddocks F10, F11 and upper part of F6 were collected and analysed to examine 
change in P composition after pond sludge application. The Springer paddock without 




Figure 3.4 Paddocks treated with dairy pond by-product, raw manure (stockpile) and 




3.2 Descriptions of sampling and analytical methods  
3.2.1 Sludge sampling procedures  
Four different duplicate pond sludge and crust samples were collected. (Figure 3.3). 
Each sample had a volume of 1 L of samples, later all four samples of pond sludge and 
crust were mixed on-site to achieve duplicate composite samples. The composite 
sample was sealed in container and transferred to the laboratory for nutrients analysis. 
All samples were collected 1 m from the edge of the pond to avoid disturbance created 
by pipe inlets, pump intakes or side effects. Samples were not collected from the center 
from primary pond due to the presence of an agitator and monitoring probe in the 
middle of the pond (irrigation pump out from primary pond and the effluent recycling 
from secondary pond were done from the centre of the respective ponds). Also, the 
centre point of secondary pond was not easily accessible. In order to achieve un-
disturbed samples, sampling points were carefully selected where no disturbances 
were created by other equipment and weather conditions (all samples were collected 
on sunny days). As shown in Figure 3.3, sludge and crust sub-samples were collected 
from the corners of both the primary and secondary ponds. All four sub-samples from 
each pond were mixed in the field to form a homogeneous mixture, creating two 
composite samples (one each from primary and secondary ponds) which were sealed 
and transferred to the laboratory. A similar procedure was adopted for collecting the 
crust sample from the primary pond. No crust formed on top of the secondary pond. 
A specially designed sampling tube, as shown in Figure. 3.5, was used for sludge 
sampling (The Sludge Judge sampling kit). The sludge ‘core’ sampler shown in Figure. 
3.5 has an open top and a moving ball check valve at the bottom which opens as the 
sampler is inserted into sludge and closes under the weight of the sludge when the 
sampler is extracted. Once the tube is totally withdrawn from the pond, the sludge and 
supernatant stay separated in the tube and are slowly removed by first decanting the 
supernatant followed by sludge. As mentioned above, the tube assembly consists of 
three detachable 19-mm diameter tubes, each one 1.53 m long giving a total sampling 
depth of 4.6 m.  
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To calculate standard deviation, duplicate analyses of all parameters were conducted. 
Mean values and standard deviation were used to analyse pond sludge P fractions. 
Additionally, statistical analyses were calculated using ANOVA method (appendix 
C.9).  
 
Figure 3.5 Pond sludge sampling tube  
3.2.2 Soil sampling procedures  
Two soil samples were collected from the surrounding paddocks at two depths, 0–10 
cm (surface soil) and 10–20 cm (sub-surface soil); these depths represent the root 
zones of perennial ryegrass and white clover grown at the farm (McDowell et al. 
2007). Collected soil samples were analysed using analytical methods, which are 
schematically shown in Figures 3.7.  
Nine different soil samples of every paddocks were collected in a “W” sampling 
pattern also known as modified diagonal, following Peters et al. (2007) (Figure 3.7). 
To achieve the representative soil profile, two samples at each sampling point were 
collected. Before sampling, all leaves and other debris was removed from surface, 
thereafter 100 mm deep soil sample was collected using the sampling ring down. 
Collected samples were mixed, sealed in the bag and put in the esky box. In order to 
keep the soil fertility same, all samples were collected on same day. Soils sample 
collected from the paddocks were mixed in the field and transferred to the laboratory. 
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Soil samples were air-dried at room temperature, grinded and sieve through a 2 mm 
sieve. After sieving, any residue plant root, leaf and stem materials were removed, all 
samples were analysed in duplicate.  
 
 
Figure 3.6 Sampling points in paddocks with “W” sampling pattern.  
3.2.3 Supernatant sampling procedures  
Table 3.1 shows the sampling procedure for the pond supernatant and effluent. All 
samples were mixed and sealed in the field and transferred to the laboratory. Collected 
samples were mixed again and homogenised in the laboratory and used for nutrient 
analysis.  
Table 3.1 Sampling method for pond supernatant and effluent  
Sample Sampling method Final volume  
Primary pond 
effluent 
Grab samples from the primary 
pond outlet pipe.  
Two sampling containers (1 L 
each) were sealed and 




Composite of samples collected at 
20 cm below the water surface 
using sampling tool and mixed in 
site in a 5 L bucket.  
Two sampling containers (1 L 
each) were sealed and 






3.2.4 Analytical methods  
Analytical methods are described in Figures 3.7 and 3.8. Total phosphorus, total 
nitrogen, total miscellaneous elements (K, Na, Mg and Ca) and P fractions of soil and 
pond sludge have been analysed using inductively coupled plasma-optical emission 
spectroscopy (ICP-OES, Agilent Technologies 700 series), and nutrients of pond 
effluent and supernatant were analysed using the discrete analyser (Gallery, Thermo 
Scientific). Plant available P can be categorised by sequential fractionation. Pond 
sludge and crust of primary and secondary ponds were collected from four different 
points. Collected samples were sealed and transferred to the laboratory, dried and 
sieved for nutrients analysis. A modified Hedley sequential fractionation method was 
used to analyse P fractions (Hedley et al., 1982). In this study, sequential fractionation 
followed by ICP-OES analysis were used to identify inorganic and organic P of 
stockpile (raw manure), pond sludge, crust and soil (He 2011, chapter 10 P227-251).  
 
Figure 3.7 Analytical procedures for determination of pond sludge characteristics  
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Filterable reactive phosphorus (FRP) of wastewater (pond effluent and supernatant) 
and water extractable phosphorus (H2O-P) of pond sludge, crust and soil were used to 




-. H3PO4. FRP and H2O-P are used to evaluate the 
plant availability of pond sludge and effluent and potential loss of P. H2O-P is one of 
labile P which is extracted by distilled water and regarded as soluble orthophosphate 
and inorganic P (IP). Total accumulated P in ponds’ by-products including pond sludge 
and crust can be used to establish P cycle in the two-pond system as well as in the 
whole dairy farm.  
ANOVA analytical methods were used to assess the experimental results. 
3.2.5 Detailed information for sampling collection and weather data 
The sampling dates and weather data are provided in table 3.2. All samples were 
collected replicate and sampling methods are described in sections 3.2.1, 3.2.2 and 
3.2.3. More detailed collected information for weather were described in chapter 5. 
Table 3.2 The rainfall data during the sludge sampling period  
Primary pond sludge Rainfall; one week before 
sampling 
Rainfall; one week after 
sampling 
15 Apr 2016 9 mm 6 mm 
10 August 2016 8 mm 0 
17 August 2016 0 1 mm 
24 August 2016 1 mm 41 mm 
30 August 2016 41 mm 27 mm 
23 September 2016 15 mm 29 mm 
30 September 2016 31 mm 5 mm 
17 April 2017 6 mm 3 mm 
15 August 2017 0 1 mm 
 
 
3.3 Fractionation of phosphorus (P)  
3.3.1 Sample preparation for P fractionation  
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Collected samples of pond sludge, crust and soil were dried, ground and sieved (< 2 
mm) for the analysis. A soil sample was weighed and gently broken up into fragments 
before air-drying for a week or until constant mass was achieved. 0.5 g and 10 g of air-
dried and sieved pond sludge and soil were used for fractionation and pH1:5/EC1:5 
determination, respectively.  
3.3.2 Analysis of phosphorus components using sequential fractionation  
The sequential extraction method was used to evaluate P of pond sludge in terms of 
plant availability (He 2011; He and Zhang 2014). Water extractable P (H2O-P) and 
sodium bicarbonate extractable P (NaHCO3-P), are known as labile P and have a 
significant influence on short-term growth of plants (Figure 3.8 and Table 3.1). 
Combined P in minerals and the organic P (OP) have a vital role in long term plant 
growth. This type of P is referred as stable P. Sodium hydroxide extractable P (NaOH-
P) and hydrogen chloride extractable P (HCl-P), after water and sodium bicarbonate 
extractions, are known as stable P. NaOH-P is also known as moderately plant 
available P.  
Table 3.3 Different levels of P plant availability extracted by sequential fractionation 
in pond sludge, crust and soil  
 Labile P Stable P  















H2O-P NaHCO3-P NaOH-P HCl-P  
Note: Sequential fractionation method is based on modified Hedley fractionation 
method and all fractions are extracted by different solutions sequentially. 
 
Extracted P fractions by sequential fractionation can be classified by the degree to 
which plants can utilise P, which is described in Table 3.1. Water soluble inorganic P 
(H2O-P) known as an orthophosphate, which is easily absorbed by plants and 
considered as mostly plant-friendly. P combined with minerals (mineral-bounded P or 
stable P) is also known as complexed-bonded mineral P, which is slowly transformed 
67 
 
from complexed-bounded P to orthophosphate. Desorption and degradation processes 
of OP are important factors affecting nutrient utilisation and plant growth. Despite 
their limited plant availability and mobility, OP and complexed-bound P can still pose 
a risk to water quality due to surface runoff or leaching.  
 
Distilled water, 0.5 M of sodium bicarbonate (42.005 g NaHCO3 dissolved in 1 L of 
distilled water), 0.1 M of sodium hydroxide (40 g NaOH dissolved in 1000 mL distilled 
water) and 1.0 M hydrogen chloride (83.5 mL of 37% HCl to 1 L were used to extract 
P fractions sequentially. The organic P contained in each fraction was determined by 
the difference between TP and IP (He, 2013; Negassa and Leinweber, 2009). 0.5 g of 
air-dry and sieved sample was put into a vial with 50 mL MQ water and mixed for 1 
hour with an end-over-end shaker. Sequentially, 0.5 M sodium bicarbonate, 0.1 M 
sodium hydroxide and 1.0 M hydrogen chloride were used to extract P fractions for 16 
hours each in an end-over-end shaker. The extracted supernatant was analysed after 
centrifuging at 3000 rpm for 30 minutes followed by filtering (using 0.45 µm 
membrane filter). The concentration of P (mg/kg) was obtained by multiplying the 
result of ICP-OES (mg/L) by 100 (0.5 g sample to 50 mL final volume) (Rayment, 
2011). P concentrations were calculated using equation (1).  
𝑃 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑔/𝑘𝑔) = 𝐼𝐶𝑃 − 𝑂𝐸𝑆 (
𝑚𝑔
1000 𝑐𝑚3
)  ×  
𝐹𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒











Figure 3.8 Sequential P fractionation procedure (adopted from He et al., 2010 and 
Cross and Schlesinger, 1995)  
3.3.3 Analysis of organic phosphorus components in extracted fractions  
OP fraction in H2O-P, NaHCO3-P and NaOH-P was determined analysing total 
phosphorus (TP) and inorganic P (IP). 6 mL of extracted H2O-P, NaHCO3-P, NaOH-
P and HCl-P fractions and 1.25 mL of oxidizing reagent were digested at 120 °C for 
60 minutes. After digestion, 0.05 mL of 3 N of NaOH was added to neutralise the 
sample. After obtaining the calibration curve using the standard solutions prepared in 
the same manner. TP was determined, in each fraction using a discrete analyzer. The 
OP contained in each extract was determined by calculating the difference between TP 
and IP. 
3.4 Characteristics of soil, raw manure and pond by-products  
3.4.1 Total nitrogen and phosphorus in soil and pond sludge 
Kjeldahl digestion method (Rayment, 2011) was used to analyse total nitrogen (TN) 
and phosphorus (TP) in pond sludge, crust and soil (Method 7A3, 7A4 and 9A3b). 0.5 
g of the sample was added into the digestion tubes (100 mL) with 2 or 3 drops of 
distilled water to moisten the sample. One Kjeldahl tablet (1 g of Na2SO4 and 0.1 g of 
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CuSO4) and 3.25 mL
 of 18 M H2SO4 were added to each tube and mixed gently. 
Samples were digested at 110 °C for 1 hour and continuously digested at 380 °C for 1 
hour. After digestion, distilled water was added to tubes to make up 50 mL and cooled 
down to room temperature. Filtered supernatant was used to determine TN and TP 
using the discrete analyser. At the end of digestion, nitrogen and phosphorus are 
converted to NH4+ and PO4
3-, respectively.  




→         𝑀𝑜𝑛𝑜𝑐ℎ𝑙𝑜𝑟𝑎𝑚𝑖𝑛𝑒  
𝐴𝑚𝑚𝑜𝑛𝑖𝑎 𝑅1
→         𝐼𝑛𝑑𝑜𝑝ℎ𝑒𝑛𝑜𝑙 𝑏𝑙𝑢𝑒 𝑑𝑦𝑒 (𝜆 = 660 𝑛𝑚) 
           (2) 
Where: 
Ammonia R1: Sodium Salycilate 
Ammonia R2: NaOH + Dichloroisocyanurique acid + sodium salt 




→ 12 − 𝑚𝑜𝑙𝑦𝑏𝑑𝑜𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑖𝑐 𝑎𝑐𝑖𝑑 𝑐𝑜𝑚𝑝𝑙𝑒𝑠  
𝑃 𝑅2
→ 𝐵𝑙𝑢𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 (𝜆 = 880 𝑛𝑚) 
           (3) 
Where: 
P R1: H2SO4 + Ammonium molybdate + Antimony potassium tartrate 
P R2: Ascorbic acid 
TN and TP (mg/kg or %)  =  
(𝑇𝑁 𝑜𝑟 𝑇𝑃𝑠𝑎𝑚𝑝𝑙𝑒−𝑇𝑁 𝑜𝑟 𝑇𝑃𝑏𝑙𝑎𝑛𝑘)𝑥 𝑑𝑓 𝑥 𝑉𝑓𝑖𝑛𝑎𝑙𝑥 100
𝑚𝑠𝑎𝑚𝑝𝑙𝑒
  (4) 
Where: 
df = dilution factor 
Vfinal = Final volume of sample digested (mL) 




3.4.2 Total nitrogen and phosphorus in pond effluent 
TN and TP of pond effluent and supernatant were analysed using persulfate digestion 
method followed by discrete analyser (Gallery, Thermo Fisher Scientific). Potassium 
persulfate (12.8 g of K2S2O8 in 75 mL) and sodium hydroxide (12 g of NaOH in 100 
mL) were combined and used as an oxidizing reagent (75 mL of potassium persulfate 
solution + 16 mL of 3 N sodium hydroxide and make up 100 mL). 6 mL of sample 
was added to a 100 mL digestion tube and 1.25 mL of the prepared oxidizing reagent 
was added. 6 mL of distilled water was also prepared as a sample for the blank. After 
60 minutes digestion at 120 °C, tubes were left to cool down to room temperature and 
0.05 mL of 3 N NaOH was added to each tube for pH adjustment. Digested samples 
were filtered using 0.45 µm membrane filter and determined using discrete analyser. 
At the end of digestion, nitrogen and phosphorus are converted to NOx and PO4
3-, 
respectively. 
Principle reaction and digestion dilution factor of persulfate digestion is, 
𝑆2𝑂8




𝑂2       (5) 
NOx is analysed for TN as following reactions, 
𝑁𝑂3
−  
𝑇𝑂𝑁  𝑅1+𝑇𝑂𝑁 𝑅2
→            𝑁𝑂2
−  
𝑇𝑂𝑁 𝑅3
→    𝑃𝑖𝑛𝑘 𝑎𝑧𝑜 − 𝑑𝑦𝑒 (𝜆 = 540 𝑛𝑚)   (6) 
Where: 
TON R1; Sodium hydroxide (NaOH) 
TON R2; Hydrazine + copper sulfate (CuSO4) 
TON R3; H3PO4 + Sulfanilamide + NEDD 






 =  1.2167   (7) 
3.4.3 Total miscellaneous element (cation)  
Reverse aqua-regia digestion method using digestion block (BD50, Seal Analytical) 
was used for phosphorus and total miscellaneous elements (cation) analysis (He, 2013; 
Rayment, 2011). After digestion, total phosphorus and cations, such as potassium (K), 
sodium (Na), magnesium (Mg) and calcium (Ca), were determined using inductively 
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coupled plasma – optical omission spectroscopy (ICP-OES, Agilent Technologies 700 
series) (Method 17B1). The block digestion system with time and temperature 
controlled automatically was used for sample’s digestion. 3.75 mL of 15 M nitric acid 
(HNO3) and 1.25 mL of 10 M hydrogen chloride acid (HCl) were added to the 
digestion tube as a digestion reagent. A critical reaction to this digestion is described 
by the following equation.  
3𝐻𝐶𝑙 + 𝐻𝑁𝑂3  → 2𝐻2𝑂 + 𝑁𝑂𝐶𝑙 + 𝐶𝑙2      (8) 
0.5 g (6 mL) of the collected sample was digested with four stages of digestions set up. 
The time and temperature were set to 30 minutes at 75 °C, 30 minutes at 100 °C, 60 
minutes at 110 °C and 400 minutes at 140 °C, continuously. 50 mL of distilled water 
was added to digested samples after standing overnight. The supernatant of digested 
sample was filtered through a 0.45 µm membrane filter and analysed to determine total 
miscellaneous elements using ICP-OES. Total miscellaneous elements were calculated 
by the following equation 9. 
Cations (mg/kg) = 𝐼𝐶𝑃 − 𝑂𝐸𝑆 (
𝑚𝑔
1000 𝑐𝑚3
)  ×  
𝐹𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒







           
 (9) 
Concentration of cations is highly correlated to electrical conductivity and ionic 
strength and in this study, total miscellaneous element analysis was selected to analyse 
micro elements to establish nutrient fluxes. In the case of the pond supernatant cation, 
the result of ICP-OES is multiplied by the dilution factor and is taken as mg/L. 
3.4.4 EC1:5/pH1:5 of soil and pond sludge and crust 
pH is the intensity of acidity (or alkalinity) and one of the critical soil properties, which 
affects the plant growth rate. P fractions and plant availability in pond sludge and crust 
are also affected by the change of pH and EC. Soil electrical conductivity (EC1:5) is 
correlated to the soil properties which affect the crop productivity and both soil type 
and soil properties also affect the pond sludge application rate and efficiency. The 
values of EC1:5 and pH1:5 are affected by the extraction ratio of the pond sludge and 
solution, type of solution and extraction time. Thus, the ratio of pond sludge and water, 
extractions solution and extraction time should be considered before measuring EC/pH 
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of the pond sludge and crust. The values of EC1:5 and pH1:5 can be converted to those 
of EC and pH. Measured EC1:5 value can be used to estimate soluble salt and calculate 
ionic strength.  
Electrical conductivity (EC1:5) and pH (pH1:5) of pond sludge, crust and soil were 
determined by 1:5 pond sludge to water suspension followed using HQ 40d pH/EC 
meter (HACH), described in Rayment et al. (2011) (Method 3A1 and 4A1). Air-dried 
(or oven-dried at 40 °C) and sieved (ground to pass 2 mm screen) pond sludge and 
homogenised pond supernatant were prepared for the pH and EC. 10 g (20 g) of pond 
sludge and 50 mL (100 mL) of distilled water were mixed for an hour with an end-
over-end shaker and stood for 30 minutes after mixing. The EC (EC1:5) and pH (pH1:5) 
were measured by pH/EC meter. A pH/EC meter was calibrated using three buffering 
solutions for pH (4, 7 and 10 pH units) and one buffering solution for EC before 
determination of pH/EC.  
3.4.5 Bulk density and total solids in soil 
Soil bulk density and total solids (moisture content) were determined following 
Rayment et al. (2011). Soil texture was determined by mechanical texture method 
developed by McDonald and McDonald (1990) as referred by Beretta et al. (2014). 
Soil density affects the water content and the ability for plants to absorb nutrients and 
the loss of nutrients when pond sludge is applied to soil.  
 
Figure 3.9 A cylindrical soil sampling kit  
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Soil bulk density and total solids (moisture content) were measured using a cylindrical 
sampling kit (Figure 3.9). The steel ring had a diameter of 7.3 cm, a height of 5.04 cm 
and a total volume of 209.8 mL with both sides open. The grass was removed firstly, 
and the metal cylinder was carefully penetrated into the soil surface until fully filled 
and had a volume of 209.8 mL. After collecting surface soil, 1 m by 1 m of soil was 
removed and subsurface soil was collected by the same way of surface soil collection 
(Appendix C.4). 0-10 cm of soil and 10-20 cm of soil were collected according to the 
root zone of ryegrass. The collected samples were carried to the laboratory in esky box 
with ice and soil moisture content and soil bulk density was determined.  
Total solids (dry matter content) was determined by Standard method 2540C (Rice & 
Public Health Association, 2012). The samples were kept in an evaporating dish and 
dried to constant weight in an oven at 105 °C for 48 hours. After drying, the samples 
were kept in the desiccator to cool down. From the wet and dry weight, total solids 
(dry matter content) was determined. The collected soil was immediately weighed. 
Air-dry moisture content was determined using Rayment et al. (2011) (Method 2A1). 
A soil bulk density and soil moisture content were calculated as shown in equations 
10 and 11. Soil moisture content was obtained by gravimetric water content 
measurement method.  
𝑆𝑜𝑖𝑙 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3) =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑖𝑛𝑔 𝑤𝑖𝑡ℎ 𝑠𝑜𝑖𝑙 (𝑊𝑟𝑖𝑛𝑔+𝑠𝑜𝑖𝑙)−Weight of the ring (𝑊𝑟𝑖𝑛𝑔) 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑖𝑙 (𝑉𝑠𝑜𝑖𝑙)
  
          (10) 
𝑆𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑠𝑜𝑖𝑙−𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑠𝑜𝑖𝑙
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑠𝑜𝑖𝑙
 × 100 
          (11) 
3.4.6 Soil texture and organic matters 
Soil texture affects the P holding capacity and soil moisture content retrospectively 
affects the plant growth and nutrient loss of soil. 25 g of air-dried and sieved (through 
2 mm screen) soil was mixed with 25 mL of 5% Calgon solution (50 g of Sodium 
Hexametaphosphate was diluted in 1000 mL of distilled water) in a metal cylinder 
with an electric mixer for 5 minutes. Mixed samples were transferred to a 500 mL 
measuring cylinder and levelled up to 500 mL with distilled water. ASTM 152H 
hydrometer number A 5579 (-5 g to 60 g) was used to determine soil texture (Figure 
3.11). At 5 minutes and 90 minutes, hydrometer readings and temperatures (°C) were 
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recorded, blank sample was also kept for calibration. Calibration of temperature 
calibration was conducted using Aiken’s (2006) equation, which was  
(T – 19.5) × 0.3        (12)  
 
Figure 3.10 ASTM 152H hydrometer number A5579  
Percentages of sand and clay were determined by analysing the readings and soil 
texture was determined using the soil texture triangle classification (Figure 3.11) 
adopted in Australia (McDonald and Isbell 2009).  
 
Figure 3.11 Soil texture triangle (adopted by USDA Natural Resources Conservation 
Service (NRCS))  
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Soil organic matter (OM) was analysed according to loss on ignition (LOI) method. 
After drying at 110 °C for 1.5 hours, all the moisture was removed, and the samples 
were weighed. The samples were then placed in a furnace at 550 °C for 2 hours. The 
organic matter was determined by the weight difference (Matthiessen, Larney, Brent 
Selinger, & Olson, 2005; Rayment, 2011). Soil pH and EC were measured by soil to 
solution 1:5 method at pH1:5 and EC1:5 as mentioned in section 3.4.4 
3.5 Characteristics of two ponds at the studied farm 
The two ponds are the main P reservoirs and P exporters in the dairy farm (Figures 
3.12 and 3.13). Secondary pond supernatant (recirculating water) has been used to 
irrigate pastures and to clean the dairy barns. Thus, pond sediment and supernatant 
were affected by the quality and quantity of raw manure and secondary pond 
supernatant. Conversely, the secondary pond supernatant has been influenced by the 
sludge deposited at the bottom of the pond. As the amount of nutrients deposited on 
the bottom of the pond increases, the nutrient concentration of the effluent flowing out 
of the pond becomes higher. As a result, the nutrient load on the pond increased and 
the pond treatment efficiency decreased. It is, therefore, necessary to reduce the load 
on the pond by enhancing the cycle of nutrients returning to the pond. 
The main matrix of P entering and leaving the two ponds is the animal manure and 
pond supernatant. The value of pond sludge as a fertiliser can be analysed by 
calculating the quality and quantity of the nutrients in the pond sludge. It is also 
possible to improve the nutrient treatment efficiency of the two-pond system by 
understanding the effect of P in pond sludge on the P concentration in pond supernatant. 
The analytical method for determining pond sludge and effluent P is described in 
sections 3.3 and 3.4. The main inflow of the two pond systems is a mixture of raw 
manure from secondary pond and recirculating water. The main export is pond effluent 
of the secondary pond (recycling water and irrigation water). The primary and 




Figure 3.12 Schematic diagram of input, output and stored water and nutrients in 
different matrices within the two-pond wastewater treatment system  
 




3.6 Pots experiment  
3.6.1 Set-up  
The pots experiment was conducted to analyse the possibility of pond sludge as a 
substitute for fertiliser and the effects of pond sludge application on soil characteristics 
and plants. Nine pots were installed in BXb (X095-ABX-10) of Werrington South 
campus, Western Sydney University (Figure 3.14). Primary (anaerobic) pond sludge, 
secondary (facultative) pond supernatant and secondary (facultative) pond sludge were 
collected from the two-pond (effluent treatment) system and kept in pots in duplicate. 
For comparison purposes, two control pots (with no pond sludge or supernatant) were 
used.  
Because most of the pond sludge and supernatant were recycled within the farm for 
cleaning and irrigation purposes, soils for the experiment were collected from the 
control paddock, where the waste stabilisation ponds (WSP) were located. To maintain 
the homogeneity of labile phosphorus in the pond sludge and supernatant, all 
applicants and soils were collected from the dairy farm on the same day. Pots in 
duplicate were installed in the experimental field to facilitate statistical analysis.  
This pot study was carried out to understand the impact of pond by-products 
application on soil surface and its effect on the soil P fractions. The diameter of the 
pots was between lab scale and field size lysimeters used in the literature (McDowell 
et al.,2016; Flumignan et al., 2012; McDowell and Sharpley, 2001; Cameron et al., 
1996 Magid et al., 1992). The size of the pot was enough to understand the effect of 
application of pond sludge on the soils. Data collected from duplicate pot experiments 
were used to carryout statistical analysis (ANOVA). The size of the pot and the use of 
duplicate samples was decided based upon the distance of the field area from the 
experimental site. To maintain soil homogeneity for the experiments, all soils were 
dried and mixed in the laboratory and then the prepared pots were transported to the 
experimental field.  
Each pot consisted of three main components, namely the main container, funnel and 
leachate collecting bottle (Figure 3.15). Pots were filled with air-dried and ground soil 
(sandy loam), which was collected from Springer paddock of Schofield Holstein Dairy 
farm. 1.256 g of ryegrass seeds was sown per pot. Ryegrass and clover have been 
78 
 
widely used for grazing pasture in Australian and New Zealand dairy industries. Italian 
ryegrass is fast establishing in winter compared to the other annual ryegrass. Soil 
moisture was measured regularly using TDR-100 and leachate was collected and 
analysed for nutrients (TN and TP) and cations (K, Na, Mg and Ca). 
 
Figure 3.14 Pots installed at Werrington South campus, Westerns Sydney University  
 
Figure 3.15 Experimental design of pot for pond sludge application  
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3.6.2 Procedure  
In order to keep water content constant, 3.2 mm of water (100 mL) was supplied daily 
after the observation of soil moisture content measured by soil moisture meter named 
TDR-100 (FIELDSCOUT, Spectrum Technologies, Inc.). Water was not irrigated 
after pond sludge application for 7 days due to the potential of nutrient and microbial 
loss (Laurenson and Houlbrooke, 2014). Soil moisture content was measured as 
volumetric water content (VWC), which was determined using time domain 
reflectometry (TDR). TDR is one of the techniques used to determine soil moisture 
content (Topp, Davis, & Chinnick, 1983). Jacobsen and Schjønning (1993) found the 
soil texture and bulk density affected the calibration equation, which was used to 
determine soil moisture content. Soil bulk density and gravimetric water content 
(section 3.4.5) of soil collected from the grazing pasture were used to calibrate soil 
volumetric moisture content of the TDR meter (FIELDSCOUT TDR-100, soil-specific 
calibration page16) (Little, Metelerkamp, & Smith, 1998). The volumetric water 
content (VWC) and gravimetric water content (GWC) were determined as shown 
equations 13 and 14:  






      (13) 
𝐺𝑊𝐶 = 100 ∗
(𝑀𝑤𝑒𝑡−𝑀𝑑𝑟𝑦)
𝑀𝑑𝑟𝑦






Mwet and Mdry = mass (g) of wet and dry soil, respectively 
Vtot = total soil volume (mL) 
ρw = density of water 
ρb = Mdry/Vtot 
For sandy clay loam, it is advisable to keep the soil moisture within 15-35% and 15-
25% for sandy loam. Bulmer and Simpson (2005) studied the effects of moisture 
content on plant growth using sandy clay loam soil with different moisture contents, 
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which were dry (0.15 m3 m-3), moisture (between 0.18 and 0.23 m3 m-3) and wet 
conditions (0.25 m3 m-3). The TDR-100 meter was calibrated using the differences 
between gravimetric water content (GWC) and volumetric water content (VWC) 
described in Appendix D.1.  
Evapotranspiration (ETc) determined by the crop coefficient (Kc) and evaporation (ETo) 
as following equation 15 (Appendix D.21); 
𝐸𝑇𝑐 = 𝐾𝑐 ×𝐸𝑇𝑜         (15) 
Where: 
Kc is coefficient factor of the grass. 
ETo is potential or reference evapotranspiration. 
ETc is evapotranspiration of ryegrass. 
Reference (potential) evapotranspiration (ETo) is collected from the weather station 
(Figure 3.17) and calculated by the Penman-Monteith equation (Allen, Pereira, Raes, 







      (16) 
Where: 
Rn = net radiation, Mj m
-2 d-1 
G = soil heat flux density, Mj m-2 d-1 
T = mean air temperature at 2 m height, °C 
u2 = wind speed at 2 m height, m s
-1 
es = saturation vapor pressure, kPa 
ea = actual vapor pressure, kPa 
es - ea = saturation vapor pressure deficit, kPa 
Δ = slope of saturation vapor pressure curve, kPa °C-1 
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γ = psychrometric constant, kPa °C-1 
  
Figure 3.16 TDR-100 soil moisture meter.  
 
Figure 3.17 The weather station installed at Werrington South campus, Western 
Sydney University.  
 
3.6.3 Phosphorus analysis in ryegrass and leachate 
Analysis of nutrients in leachate can be used to predict the potential loss of nutrients 
due to the application of pond by-products. Pond sludge application may affect the soil 
characteristics, which leads to decrease of nutrient loss. Leachate was collected at the 
time of occurrence and analysed for TN, P, K, Na, Mg, Ca and FRP. Analysis of 
leachates was carried out following analytical method described in section 3.4. 
Ryegrass from each pot in soil treated being pond by-products (including control) was 
collected and analysed after sludge applications. After analysis, all samples were 
brought to the farm and disposed of.  
Italian ryegrass has the highest DM yields in 3rd phase in which the third leaf appears. 
Care should be taken as the fourth leaf grows as the first leaf died, causing degradation 
of ryegrass. Grazing height was 10 cm. Kjeldahl digestion and reverse aqua-regia 
digestion methods were used for digestion and discrete analytes (Gallery) and ICP-
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OES were used for TN and TP, and cations determinations. Details of plant analytical 
methods are described in section 3.4.1. 
P use efficiency (PUE) was determined using the differences between ryegrass in 
control and ryegrass in soil treated with pond supernatant following equation 17 
(Vaneeckhaute et al., 2015, 2016). Grass tetany ratio was determined using the 
equation 18. Each molecular weight was used to convert to eq/kg for determination of 
the Grass tetany ratio (Tran et al., 2018). 
P use efficiency (PUE,%) =  
P of ryegrass in pond sludges application−P of ryegrass in control
P of ryegrass in SPs− P of ryegrass in control
 
          (17) 
Grass Tetany ratio =
𝐾+
𝐶𝑎2++ 𝑀𝑔2+





INORGANIC PHOSPHORUS FRACTIONS IN DAIRY 
MANURE AND POND SLUDGE  
This chapter is a partial reproduction of the journal paper titled “Phosphorus 
characterisation of sludge and crust produced by stabilisation ponds in a dairy manure 
management”. 
In dairy farming, recirculation and continuous use of nutrients are necessary for 
sustainable and proper nutrient management in both short and long-term periods. 
When managed effectively, nutrient recycling can improve soil fertility. On the other 
hand, if nutrients are applied in excess of the soil’s nutrient holding capacity, nutrients 
can dissolve into the surface and groundwater bodies resulting in water pollution. 
Phosphorus (P) characterisation in dairy manure products, such as raw manure 
(stockpile), and pond by-products, such as pond sludge and crust, is the first step to 
sustainably managing nutrients within dairy farms. In this chapter, pond sludge and 
crust were characterised for inorganic P using the sequential fractionation method. 
Pond sludge and crust were found to contain significant amounts of labile P 
(summation of H2O-P and NaHCO3-P) and stable P (summation of NaOH-P and HCl-
P). Water extractable P (H2O-P) in the primary anaerobic pond and secondary 
facultative pond sludges were found to be about 8 to 13 times higher than the amount 
found in the surface soil (0-10 cm) of a grazing paddock F1. Similarly, sodium 
bicarbonate extractable P (NaHCO3-P) in the two types of pond sludges were 
approximately 6 times higher than that in the soil. The relatively higher labile P in 
pond sludge compared to soil indicates that the pond sludge can be a P supplier to 
grazing paddock for fertilisation. In contrast, lower H2O-P and labile P compared to 
that of stockpile indicate that the use of pond sludges instead of stockpile can reduce 





Milk production has steadily increased every year in Australia, as the dairy industry 
has become more intensive due to mechanised milking methods. In 2015-16, 9,500 m3 
of milk was produced (Dairy Australia, 2017). Dairy farming also produces significant 
amounts of wastewater called dairy shed effluent (DSE), which is a mixture of water 
and raw dairy manure. This effluent is produced during the cleaning of the milking 
parlour, holding and feeding yards. In the Australian dairy industry, the two-pond 
effluent treatment system has been used to treat DSE and prevent the loss of nutrients 
and trace elements (Fyfe, Hagare, & Sivakumar, 2016). The two-pond effluent 
treatment system is also widely used to treat DSE in New Zealand (Houlbrooke, Horne, 
Hedley, Hanly, & Snow, 2004; Monaghan et al., 2007). As raw manure and pond 
wastewater contain diverse and abundant nutrients, many researchers have been 
interested in analysing the nutrient compositions of various effluent streams produced 
by the two-pond system (Pettygrove, Heinrich, & Eagle, 2010). Pond effluents can be 
easily irrigated to the grazing pasture to supplement its nutrient requirements. Jacobs 
and Ward (2007a, 2007b and 2008) reported that the secondary facultative pond 
effluent increased plant dry matter (DM) yield and the nutrient content of crops. Pond 
sludge and crust also include significant amounts of labile P, which is defined as the 
summation of phosphorus (P) that can be sequentially extracted by water (H2O-P) and 
sodium bicarbonate (NaHCO3-P). Hence, applying pond sludge and crust on grazing 
pasture can improve plant available P in soil. A large amount of labile P and nitrogen 
(N) accumulated in the pond sludge further increased by the pond effluent recycling 
in the pasture. As a result, N and P contained in the pond sludge have the effect of 
increasing the N and P concentrations in the pond effluent (Fyfe, 2014). The pond 
treatment system has high sediment, biochemical oxygen demand (BOD) and bacteria 
treatment efficiency, however the N and P of effluent are still high (Monaghan et al., 
2007). The application of pond sludge on the grazing pasture can reduce deteriorating 
water quality of the pond effluent (Istvánovics, 1988). At the same time, it can cause 
water contamination and pollution if it is lost to surface runoff, leaching and erosion. 
Thus, maintaining the optimum level of labile P in dairy farm is critical to maximising 
the effective management of DSE nutrients within the farm to optimise crop health 
while preventing the loss of nutrients, which cause eutrophication of waterways. 
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Selective extraction method and sequential fractionation were used to analyse plant-
available P of different soils, raw manures, composted manures and organic fertiliser 
treated soils (Cross and Schlesinger 1995; He and Honeycutt, 2001; He et al., 2006, 
2008, 2009, 2010; Negassa and Leinweber 2009; Su et al., 2007; Waldrip et al., 2011) . 
Generally, sequential fractionation method proposed by Hedley et al. (1982) was used 
to analyse raw manure and soil. Cade-Menun et al. (2015) used spectroscopic analysis 
to identify and classify individual forms of inorganic and organic P and P fractions in 
different manures. Gourley et al. (2015) provided comparative analysis of P fractions 
in soil within dairy farms to prevent the uneven distribution of nutrients in the soil 
matrix proposed.  
Extraction ratios for increasing the P recovery rate was also studied (Lehmann, 
Campos, Vasconselos de Macêdo, & German, 2004). The water extractable P (H2O-P) 
contained in pond sludge and the filterable reactive P (FRP) contained in the effluent 
were used to analyse the P loss in the soil (He et al., 2008). He et al. (2004) proposed 
a Na-Ac analysis, which can be used to determine the total plant-available P 
(summation of H2O-P, NaHCO3-P and NaOH-P), and insisted it was more efficient in 
analysing the likelihood of P availability. However, this extraction method cannot 
distinguish stable P from labile P and does not provide detailed information on the P 
fraction. Therefore, it is more effective to determine the soil application efficiency of 
the pond sludge using plant available P such as H2O-P and FRP determined using 
traditional extraction analytical methods. Also, plant available P can be used to 
evaluate the potential of P loss (Gourley et al., 2015; McDowell et al., 2016). Pagliari  
and Laboski (2013) indicated that nutrients available to plants in raw manure and pond 
sludges could improve soil fertility and crop productivity, depending on their 
composition, over short or long periods of time. Phosphorus contents and compositions 
of raw manure, pond sludge and crust can provide information on the migration and 
distribution of phosphorus in the soil as labile P varies with temporal and special 
conditions (Dao et al., 2011).  
The current literature does not document a comprehensive analysis of P fractions in 
the sludge and crust produced by the pond system. Hence, the aim of this study was to 
determine various P fractions found in the sludge and crust generated by the two-ponds 




4.2 Materials and methods 
4.2.1 Location of grazing paddock and ponds 
The details of the dairy farm are described in Chapter 3. A soil sample was collected 
from the paddock F1 and the location is depicted in Figures 3.1, 3.2 and 4.1. Italian 
ryegrass and red clover are the main plants within the study grazing paddocks. Dairy 
milking is conducted two times per day.  
 
Figure 4.1 Paddock F1   
4.2.2 Sampling locations in grazing paddock and ponds 
As described section 4.2.1, paddock F1 soil was collected for the P fraction analysis 
of soil. Pond sludge and crust were collected from the primary and secondary ponds 
and the stockpile (raw manure) from the solid trap (Figures 3.1 and 3.2). Each sample 
was collected from at least four sites and then transferred to the laboratory after 
homogenisation.  
4.2.3 Nutrients analytical methods  
Soil samples were collected from the grazing pasture (Paddock F1) and analysed. 
Some parameters (e.g. TN, K, P, Colwell-P PSC and PSI) were analysed by Dairy 
Primary Industry (DPI) in 2015, and all parameters were analysed in the environmental 
laboratory, Kingswood Campus at Western Sydney University. Surface soil and sub-
surface soil were collected from 9 different compartments in paddock F1. Surface soil 
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was collected at 0 to 10 cm depth, and sub-soil was collected at 10 to 20 cm depth 
using an auger and soil sampling kit (Figures 3.4 and 3.9).  
Analytical methods are described in sections 3.2, 3.3 and 3.4. Total solids (dry matter 
content) was determined by Standard method 2540C (Rice et al., 2012). Reverse aqua-
regia digestion and ICP-OES analytical methods using digestion blocks were carried 
out for phosphorus and cation analysis (He, 2013; Rayment, 2011).  
4.2.4 Phosphorus (P) characterisation  
The analysis of pond sludge follows the soil and manure analytical method described 
in Chapter 3. Hedley sequential fractionation was used for determination of P fractions. 
Detailed pond sludge and crust analytical methods are provided in sections 3.2.  
4.3 Results and discussion 
4.3.1 Characteristics of pond by-products and stockpile  
Table 4.1 Characteristics of pond sludge, crust and stockpile  
Parameter PPsludge PPcrust SPsludge Stockpile 
pH1:5  7.7 (n=32, 0.3) 7.1 (n=32, 0.4) 7.7 (n=4, 0.1) 7.8 (n=10, 0.5) 
EC1:5, mS/cm 3.8 (n=32, 2.3) 1.9 (n=32, 0.8) 9.3 (n=4, 0.5) 7.4 (n=12, 1.1) 
     
TS, % 17 (n=26, 2.4) 25 (n=20, 3.4) 15 (n=11, 0.3) 29 (n=9, 2.0) 
K, mg/kg 8297 (n=26, 1364) 5082 (n=14, 1221) 7406 (n=7, 983) 11509 (n=6, 343) 
Na, mg/kg 1184 (n=26, 262) 1352 (n=14, 240) 1121 (n=7, 181) 3916 (n=6, 1372) 
Mg, mg/kg 5457 (n=26, 2761) 6460 (n=14, 3462) 10537 (n=7, 3964) 9373 (n=6, 116) 
Ca, mg/kg 16943 (n=26, 3173) 16718 (n=14, 4576) 21124(n=7, 7103) 19880 (n=6, 274) 
Note: pH1:5 and EC1:5 were analysed by 1:5 of soil and solution analytical method. TS is total solids. 
A “n” and the values in parenthesis are analysis number and Standard Deviation.  
 
Phosphorus in stockpile can be affected by the animal diet and the animal species. He 
(2011) found P fractions in animal manure had been affected by the animal species 
such as swine, poultry and dairy cows. As shown in Table 5.7, the dairy farm in NSW 
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had different concentrations of nutrients in pond effluent compared to the other areas, 
such as Victoria and Queensland. This was due to the weather and diet conditions of 
the dairy farm (He 2013; Sommer et al., 2013). Thus, it is necessary to understand the 
animal species and their diet.  
Pond sludge in the two-pond systems has different nutrient content and concentration 
compared to raw manure (stockpile), dairy shed effluent (DSE) and pond supernatant. 
The total solids (TS) of manure from the stockpile, primary pond sludge (PPsludge), 
secondary pond sludge (SPsludge) and primary pond crust (PPcrust) were 29%, 14%, 13% 
and 25%, respectively (Table 4.1). Additionally, the total solids of the surface and 
subsurface soil samples were 70% and 75%, respectively. TS analyses indicate that the 
manure from the stockpile and primary pond crust have relatively higher solids content. 
4.3.2 Phosphorus fractions in pond sludge and crust  
Hedley sequential fractionation procedure has been widely used to analyse plant 
available P fractions in dairy manure, pond sludge, crust and soil (He, 2013; Hedley, 
Stewart, & Chauhan, 1982). This study analysed P fractions in the sludge and crust of 
the ponds using modified Hedley sequential fractionation. The procedure is 
summarised in Figure 3.7. ICP-OES and discrete analyser were used for determination 
of water extractable P (H2O-P), NaHCO3-P, NaOH-P and HCl-P (Cross and 
Schlesinger, 1995; Dou et al., 1995; Turner, 2004) .  
P tends to chemically bond with aluminum or iron and calcium in the pond to form 
precipitates, which settle to the bottom of the pond and is referred to as stable P. H2O-
P and NaHCO3-P determined by continuous extraction are known as plant-available P, 
and the summation of the two fractions can be classified as labile P. In the case of 
stockpile, pond sludge and crust, it has higher total phosphorus (TP), labile P and stable 
P than soil. In the case of stockpile, it contains about 3 times higher ratio of H2O-P 
than pond sludge, which indicates that the possibility of loss as surface runoff or 
leachate is higher than that of pond sludge when applied to soil. H2O-P is a soluble 
phosphate that can be used to assess the likelihood of P loss along with the filterable 
reactive P (FRP) of the pond effluent and supernatant. A higher value of FRP and H2O-
P is likely to be caused due to leachate or surface runoff immediately after land 
application of the pond sludge and effluent. Thus, it is necessary to determine the 
application method of pond sludge and the timing of applying pond sludge to minimise 
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the release after P application. The surface application method is mainly used for land 
application, however recently the injection method has been studied (Dell et al., 2011). 
Also, applying at least a few days before precipitation can reduce the loss of nutrients 
due to surface runoff (Laurenson and Houlbrooke, 2014). 
Table 4.2 Phosphorus (P) fractions of pond sludge and crust of the ponds   
 
The total inorganic P (TIP) and labile P (summation of H2O-Pi and NaHCO3-Pi) of 
pond sludge and crust were somewhat smaller than those of raw manure (Table 4.2). 
The amount of particle P entering the pond decreases primarily in the solid trap. Thus, 
it can be seen that the solid trap plays an essential role in lowering the loading rate in 
the pond. It indicates that H2O-Pi and labile P contained in pond sludge and crust were 
lower than that of raw manure, which can prevent P loss and water pollution. In 
contrast, the HCl-P stored in the secondary pond sludge was higher than that of 
stockpile. The HCl-P production process accumulating in the pond sludge by the 
combination of Ca and P in the secondary pond is active. This indicated that the high 
concentration of stable P was due to the binding of P with cations and the 
sedimentation at the bottom of the pond. The secondary pond sludge contains a slightly 
higher NaOH-Pi compared to the primary pond sludge and crust. This shows that P 
binds with aluminium (Al) and iron (Fe) in the secondary pond. The sedimentation 
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Note: The values in parenthesis are Standard Deviation; n- indicate the number of samples analysed; 
Pi is inorganic phosphorus (IP). TIP is total inorganic phosphorus. Surface and subsurface soils are 0-
10 cm and 10-20 cm depth.  
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rate of NaOH-Pi in the secondary pond is higher than that of the primary pond. The 
secondary pond is a facultative pond, which treats DSE and purifies it by depositing P 
with pond sludge. The P removal rate of the facultative pond is known to be high 
(Veeresh, Veeresh, Huddar, & Hosetti, 2010) and has been used as a secondary or 
tertiary pond in waste stabilisation pond (WSP).  
Labile P, which is predominantly inorganic and defined as summation of H2O-Pi and 
NaHCO3-Pi, is important as it is readily available for plant uptake and hence can 
greatly influence the growth of plants on land. As shown in Table 4.2, labile P in pond 
sludge and crust, and stockpile appear to be significantly higher than in the soil. This 
demonstrates the fertiliser potential of the material observed by Ward and Jacobs 
(2008a, 2008b) and Cameron et al. (1996) when trialling application of pond sludge 
on soil. As such, application of pond sludge and crust on grazing paddocks will benefit 
the growth of the pasture. This means that the rich stable P contained in the pond sludge 
can continuously supply P to the grazing pasture. Labile P in the lower pond sludge, 
compared to stockpile and pond effluent, reduces the possibility of loss of P when 
applied to the soil.  
4.3.3 Comparative analysis of phosphorus  
He (2013) reported that the summation of H2O-P and NaHCO3-P in United States (US) 
raw manure made up over 40% of TP and the summation of NaOH-P and HCl-P was 
less than 10%. For TP of dairy pond sludge in Australia, values of 6000 mg/kg (Fyfe 
et al., 2016) and 2500 mg/kg (Ward and Jacobs, 2008a, 2008b) were published and no 
information on P fractions was provided. In this study, the labile P ratio in TIP of the 
stockpile is similar to 80% of the existing dairy manure studies (He et al, 2004), which 
is a general characteristic of dairy manure. The H2O-P, labile P and stable P varies 
depending on the manure type and surrounding environment (He et al., 2010). He 
(2013) also concluded that the treated manure contained more than 50% of the labile 
P and that the proportion of such labile P was lower than that of the raw manure in 
previous studies. Pond sludge contains 42% of labile P in total inorganic P, which is 
50 % lower than stockpile (raw manure) in this study and other raw manure studies. 
The reasons for lower levels of labile P in pond sludge and crust may be attributed to 
the fact that P tends to chemically combine with Ca and/or Mg to form precipitate or 
complexation within the organic matrix which results in the removal of some of labile 
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P (Fyfe, 2014). These results can be explained by the characteristics of the primary 
and secondary pond sludges and the characteristics of the farms investigated. The 
stable P content of pond sludge was 57%, which was higher than that of raw manure. 
Particularly, in this study, secondary pond sludge contains significant amounts of 
NaOH-P (Al and Fe bonds) which was higher (44% out of TIP) than that of raw manure 
reported in other studies. Thus, the composition ratio of labile P and stable P changes 
in the case of the treated manure, and that in the case of the pond system of Australia, 
the composition change of the P precipitated in the pond sludge is large.  
P distribution patterns varied depending on the source of manure. Dairy and swine 
manures contained more than 70% of the labile P, while poultry litter and fox manure 
included 70% of stable P out of TP (He, 2013). The results of this study show that the 
P configuration of stockpile was similar to that of the existing data of dairy raw manure. 
The characteristics of the stockpile and each pond by-products (pond sludge, crust and 
effluent) were different. Compared to stockpile, the pond sludge contained labile P and 
stable P at similar concentrations. This indicates that pond sludge is more valuable as 
a fertiliser than raw manure in short and long terms. 
Table 4.3 Comparison of P fractions of the pond sludge to values of sludges in 
literatures (Australia)  










A primary anaerobic pond 
sludge 
11%  31%  42% 42%  15%  3465 4112 
A secondary facultative pond 
sludge 






(Fyfe et al., 2016)       6000 
(Ward and Jacobs, 
2008a, 2008b) 
      2500 
Note: Labile P is summation of H2O-P and NaHCO3-P. TIP is total inorganic phosphorus. 
 
The P fractions determined in this study are compared with those reported in the 
literature for raw dairy manure in Tables 4.3 and 4.4. Labile P is about 50% lower for 
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pond sludge and crust on the paddock can reduce the loss of P from the land through 
surface runoff and infiltration. This in turn, will result in the reduction of pollution 
load contributed by the agriculture land. Tables 4.3 and 4.4 also indicate that the raw 
manure fractionation in this study is somewhat similar to the P fractionation studies 
reported from United State (US) in terms of labile P (Sharpley and Moyer 2000; Dou 
et al., 2000). However, stable P (summation of NaOH-P and HCl-P) appears to be 
slightly lower in the case of North American raw manure. Nevertheless, except for the 
slight variation in stable P, the P fractionations appear to be similar between Australian 
and American raw manures. The diet and the environmental conditions determine the 
nutrient content of raw manure, DSE and pond effluent. These differences may result 
in the differences of P composition in the stockpile. Anaerobic and facultative 
conditions of the pond changed the P composition of raw manure and resulted in the 
increase of stable P.  
Table 4.4 Comparison of P fractions of the stockpile to values of raw dairy manures 
in literatures   
Phosphorus fractions  H2O-P NaHC
O3-P 






Manure from the 
stockpile 





(He et al., 
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U.S. 70% 14% 84% 6% 5%  4874 
(Dao et al., 
2006) 
U.S. 16.8%       11836 
(McDowel




13.7%       4567 




4.4 Summary  
As shown in the results of this study, most of the phosphorus (P)-rich particles were 
deposited slowly reaching the secondary facultative pond. During stabilisation in the 
primary anaerobic and secondary facultative ponds, significant amounts of labile P 
was converted to NaOH-P and HCl-P and the majority deposited in the secondary pond. 
The main reason for this can be attributed to the chemical reactions occurring within 
the pond system, which may yield more stable P compounds. Additionally, P 
distribution in pond sludge and crust were very similar even though the characteristics 
of the material were different.  
Water extractable phosphorus (H2O-P), when applied on land, can be lost to the 
environment due to surface runoff and leaching. Pond sludge and crust contain 11-12% 
of H2O-P, which is about one-third of H2O-P contained in the stockpile (raw manure). 
In the case of stockpile, H2O-P and labile P account for 42% and 79% of the TP, 
respectively, which is likely to be lost due to surface runoff when applied to soil. As 
such, it is less likely to lose P through surface runoff and leaching when pond sludge 
and crust are applied on land rather than stockpile. Further, in this study, the labile P 
to stable P was found to be in the ratio of 40:60 in the case of pond sludge and crust 
samples. On the other hand, labile P to stable P ratio was found to be 80:20 in the case 
of stockpile. This means that the majority of P is in stable form in pond sludge and 
crust. Hence, applying pond sludge and crust (instead of stockpile) on the grazing land 
will ensure that the P is released slowly over a short and long period of time. It also 
minimises the loss of P to surface runoff and thereby significantly reduces the pollution 
of downstream water bodies.  
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CHAPTER 5 
PHOSPHORUS FRACTIONS IN POND SLUDGE AND 
SUPERNATANT  
In this chapter, the phosphorus (P) fractions in pond sludge and supernatant/ effluent 
accumulated and recycled within the two-pond effluent treatment system are discussed. 
Additionally, circulation of nutrients within the two-pond system are discussed. To 
maximise the use of P and to minimise loss of P in the dairy farm, understanding the 
constituents of P circulated in the two-pond system is necessary. Information on P 
circulation in the pond can be used to maintain higher P treatment efficiency of the 
ponds and to achieve best P management in the dairy farm. Most P produced in the 
dairy shed is stored and accumulated in the pond sludge and supernatant. In this study, 
the analysis of the phosphorus distribution in the pond sludge and supernatant was 
carried out by determining the total phosphorus (TP) and plant available P (FRP, H2O-
P, and NaHCO3-P) accumulated in the two ponds. Total cations, such as potassium 
(K), sodium (Na), magnesium (Mg) and calcium (Ca) stored in the pond sludges, were 
also analysed to determine the applicability of pond sludge and supernatant as a 
fertiliser.  
5.1 Introduction 
The two-pond (effluent treatment) system has been used to encourage reuse and 
recycling of dairy shed effluent (DSE) in the dairy paddock to prevent water pollution 
resulting from the nutrient loss due to surface runoff, erosion and leachate in Australian 
and New Zealand dairy farm industries (Monaghan et al., 2007). The DSE, which is a 
mixture of raw manure and recycled water (secondary pond supernatant) is composted 
through a series of processes within the two ponds and recycled in a dairy shed and 
the pasture (Fyfe et al., 2016). Most nutrients produced in the dairy shed flow treated 
through the primary (anaerobic treatment) pond and secondary (facultative treatment) 
pond. The plant availability of P changes in the ponds during treatment, so it is 
necessary to understand the distribution of P fractions in ponds before using the pond 
sludge as an alternative fertiliser for the grazing paddocks.  
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Thus, it is necessary to increase the nutrient treatment efficiency of the ponds by land 
application of the pond sludge. However, little information is known about the nutrient 
composition of the sludges stored in ponds, especially phosphorus. The nutrients in 
DSE are accumulated gradually in the pond sludge and supernatant. Fyfe (2014) 
pointed out that nutrient recycling in the dairy farm may increase the nutrient of pond 
sludge affecting the water quality of pond effluent and supernatant (Istvánovics, 1988). 
Depending on the constituents of P, the likelihood of nutrients lost due to surface 
runoff and leachate can be increased when it is applied to land (Gourley et al., 2015; 
McDowell and Cosgrove, 2016). Thus, analysis of nutrients contained in pond sludge, 
effluent and supernatant are essential to increase the recycling rate of nutrients and to 
establish a proper nutrient recycling plan in the whole dairy farm.  
For proper management of dairy manure, many researchers have tried to increase the 
recycling rate of nutrients in farms through analysis of raw manure, compost and pond 
effluent (Pettygrove et al., 2010). Nutrient balance analysis has also been used for 
several different matrices, including plants (Zikeli, Deil, & Möller, 2017) and soil (Shi 
et al., 2015). Nutrient budgeting was used to make proper nutrient management 
determinations in Australian ranches (Gourley, 2004; Gourley et al., 2007). Martinez 
and Pellerin (2016) also constructed a concept for the recycling of nitrogen (N) and P 
by using N cycles (N used by crops, animals, and human, and N circulating in the 
pasture). In the United States, a whole-farm nutrient balance has been studied using 
land-based best management practices (BMP). A nutrient mass balance analysis of a 
ranch in New York was also carried out (Cela, Ketterings, Czymmek, Soberon, & 
Rasmussen, 2014; Ketterings, Czymmek, Beegle, Chase, & Rasmussen, 2012; 
Soberon, Cela, Ketterings, Rasmussen, & Czymmek, 2015). In Australia, dairy farm 
and paddock scale studies have been carried out for efficient nutrient management 
(Gourley et al., 2015).  
The Model for Effluent Disposal Using Land Irrigation (MEDLI) software has been 
studied for effluent migration in Australia (Peters et al., 2010). Oborn et al. (2005) 
conducted the material balance analysis of several nutrients in a dairy farm in Northern 
Sweden using the FARMFLOW model. Simmonds et al. (2015) analysed the potential 
P losses from soil using a mass balance concept and Overseer nutrient budget 
programme (AgResearch 2013). An Overseer nutrient budget programme was used for 
nutrient modelling in New Zealand for nutrient management (McDowell et al., 2011; 
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McDowell and Kitto, 2013). March, Toma, Stott, and Roberts (2016) analysed the P 
balance of two different types of dairy farms using the data envelopment analysis 
(DEA) model in the UK. In China, a model based on mass balance has been used for 
nutrient analysis (Chen et al., 2010). Quadratic and linear-linear models were used for 
nutrient dynamic and balance analysis in the Taihu Lake area (Shi et al., 2015).  
Phosphorus (P) is essential for plant growth along with nitrogen (N) and can be 
analysed in various ways by conventional analytical methods (He, 2013). Modified 
Hedley fractionation has been used to analyse many kinds of manure and soil such as 
bio-solid and poultry litter (Cross and Schlesinger, 1995; Negassa and Leinweber, 
2009; Su et al., 2007; Waldrip et al., 2011) . Lehmann et al. (2004) noticed that the 
soil to solution extraction ratio affected the nutrients recovery rate. Research has been 
actively carried out to use compost, which has been reproduced by fermentation in the 
pasture, as a fertiliser (Cade-Menun et al., 2015; He and Honeycutt, 2001; He et al., 
2006, 2008, 2009; Turner 2004).  
In this chapter, the nutrients accumulated in pond sludge, effluent and supernatant are 
described, and their land application is also discussed. The pond sludge can supply 
nutrient to forage crop and plant (Ward and Jacobs, 2008a, 2008b). It can also reduce 
load of nutrients accumulated in the pond, thereby increasing the treatment efficiency 
of the pond and efficiently accelerating nutrient circulation in the dairy farm.  
5.2 Materials and methods 
5.2.1 Study area 
The two-pond system is installed at the Schofield Holstein dairy farm in Avoca, which 
is in the Southern Highland dairy farming area. The location of the paddocks and ponds 
is depicted in Figures 3.1 and 3.2 (Chapter 3). 
5.2.2 Sample collection and analysis procedures 
Nutrients are reused by recycling the pond sludge and supernatant within the dairy 
shed and the paddocks (Figure 5.1). The TP, cations (total miscellaneous elements) 
and plant available P, such as water extractable phosphorus (H2O-P), sodium 
bicarbonate extractable phosphorus (NaHCO3-P) of pond sludge and filterable reactive 
phosphorus (FRP) of pond effluent and supernatant were analysed. The TP, H2O-P, 
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labile P (summation of H2O-P and NaHCO3-P), stable P (summation of NaOH-P and 
HCl-P) and FRP were used to assess the plant availability of P in pond sludge, effluent 
and supernatant. Collected samples were sealed and transferred to the laboratory and 
analysed after being homogenised. Sampling points and the sampling tool used to 
collect pond sludge are described in sections 3.1 and 3.2.  
As described in Chapters 3 and 4, the digestion method and the sequential fractionation 
method were used to determine the TP and P fraction of the pond sludge (Rayment, 
2011). Sequential fractionation was carried out to obtain the plant available P fraction. 
50 mL of distilled water and 0.5 M sodium bicarbonate were used for sequential 
extraction (Hedley et al., 1982). The H2O-P was obtained after extraction for one hour. 
NaHCO3-P and other P fractions were extracted for 16 hours continuously (Cross and 
Schlesinger, 1995; Dou et al., 2000; Lehmann et al., 2004; McDowell and Sharpley, 
2001; Turner, 2004; Turner et al., 2004a).  
 
Figure 5.1 Diagram of the nutrients flow chart in the dairy shed effluent treatment 
system and dairy farm  
5.2.3 Nutrients in pond sludge and supernatant  
P fractions were used to obtain the amount of labile P and stable P accumulated in the 
pond sludge. The sequential fractionation method described in the book written by He 
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(2013) was used to analyse the P fraction of the pond sludges. All P fractions and TP 
were determined by fractionation and digestion methods followed by ICP-OES 
analysis.  
5.3 Results and discussion 
5.3.1 Characteristics of two ponds  
The two-pond effluent treatment system consists of the three following parts: solid 
trap, primary pond and secondary pond. Some of the solid raw manure is stored at the 
solid trap and is referred to as stockpile. The primary pond (PP) is an anaerobic pond, 
and the secondary pond (SP) is a facultative pond. An anaerobic pond has been used 
as a pre-treatment facility for high biochemical oxygen demand (BOD) removal and 
has the same effect as open septic tanks. Secondary and tertiary ponds have been 
installed and are operated for high P removal. The secondary pond in this study is a 
facultative pond, which is used to treat and store nutrients under different treatment 
conditions. In this section, pond characteristics are discussed.  
Table 5.1 Total volume of pond sludge, crust and supernatant in two ponds.  











Primary pond       
Crust 338 753 401 212 430 427 
Supernatant 604 337 1080 520 1159 740 
Sludge 597 371 65 925 64 404 
Total volume 1539 1461 1546 1657 1653 1571 
Secondary pond       
Supernatant 2665 2914 1706 674 1109 1813 
Sludge 1068 673 1692 3420 2704 1911 
Total volume 3733 3587 3398 4094 3813 3725 
Note: Volumes were measured on 30 August, 16 November, 7 December in 2016, 7 February and 27 
April in 2017. (adapted from a report of Hagare et al., 2018)  
 
99 
Average volumes of the primary and secondary ponds ware 1,571 and 3,725 m3, 
respectively. The volumes of pond wastewater were affected by weather conditions 
and the use of the secondary pond effluent for cleaning and recycling purposes 
(Appendix B.5). Thus, the use of the secondary pond supernatant as recycling and 
irrigation purposes should be determined by the weather conditions and the amount of 
water stored in the secondary pond.  
The total capacities of the primary and secondary ponds were 1552 m3 and 3387 m3, 
respectively (Table 5.1), and the water balance of the two-pond system is depicted in 
Figure 5.2 (Hagare et al., 2018). 17,020 m3 of DSE flowed into the two-pond system 
(Figure 5.2). 14,420 m3 of treated water was discharged from the pond annually. The 
mixture of influent (DSE), water jet (SPsupernatant) and stormwater flowed into the 
primary pond. Thus, the amount circulated through the two ponds was 5,550 m3. The 
amount irrigated in the grazing paste was 170 m3. Treated wastewater in the secondary 
pond (SPsupernatant) is mostly used for cleaning and irrigation purposes in the dairy farm. 
The pond effluent of Australian dairy data is described in the report by Dairy Australia 
2008 (Birchall, Dillon, & Wrigley, 2008). The concentration of the pond by-products 
in Australian dairy farms, such as effluent, supernatant and the pond sludge, were 
different (Table 5.2). The nutrients of the dairy shed effluent (DSE) are stored and 
processed in two ponds dissociated by washing the dairy shed and irrigating the pasture. 
The information of the weather forecast was used and calibrated for rainfall at the 
ponds according to the size of the pond to determine the amount of inflow. Evaporation 
was also determined using information obtained from the weather station. In this 
chapter, the volume of pond sludge, labile P and stable P were used to calculate plant 





Figure 5.2 Annual water balance of the two-pond (wastewater treatment) system (unit 
is m3/year and adopted from a report by Hagare et al., 2018).  
The solid content of pond sludge and stockpile plays an important role in determining 
the application method and rate for land application. The pond supernatant quickly 
penetrates into the bottom of the soil after land application, thereby transferring the 
nutrients to the lower soil layer. Whereas, the pond sludge remained on the soil surface 
for a long time. The total solids (TS) of the stockpile and pond crust varied widely 
depending on the environmental conditions. Pond crust and stockpile are directly 
exposed to the atmosphere, thus TS can vary greatly depending on the measurement 
time. The results of TS and inorganic P fractionation for pond sludge, crust, stockpile 
and soil are described in Chapter 4. However, the TS varies by the seasonal and 
environmental conditions, therefore it is necessary to analyse TS along with P fractions.  
pH1:5 of pond sludge, which affected the P fractions, was 7.1-8.3, which was higher 
than soil pH1:5 (6.6). The EC1:5 of the sludge was 1.3-8.9 mS/cm, which was 
considerably higher than that of the soil (0.3-0.8 mS/cm). The PPsludge accumulated 
more HCl-P than H2O-P compared to the secondary pond sludge (SPsludge). 
Additionally, PPsludge contained around double the amount of NaOH-P (Al and Fe 
bound P) compared to NaHCO3-P. SPsludge contained higher concentration of NaHCO3-
P and NaOH-P due to the high pH. It also affected the variation of the FRP in the pond 
effluent and supernatant. Settled pond sludge released P, which increases soluble P in 
the secondary pond effluent in different seasons. NaHCO3-P and NaOH-P were found 
to correlate to the total inorganic phosphorus (TIP) in pond sludge. All pond sludges 
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contained more NaOH-P than NaHCO3-P, and this caused the increase in labile P and 
stable P.  
Secondary pond effluent had a higher pH and EC compared to the primary pond due 
to the different pond conditions (Appendices B.6). Mbwele (2006) found the removal 
efficiency of nutrients in a facultative pond was 20-48% and concluded that organic P 
settled by biomass and inorganic P precipitated. Its efficiency was 90% in the waste 
stabilisation pond (WSP). In the case of the facultative pond, the removal efficiency 
of P is highly dependent on the precipitation of organic matter and mainly influenced 
by heterotrophic and autotrophic bacteria, algae and zooplankton, and a mixture of 
anaerobic, aerobic and facultative conditions. The secondary (facultative) pond has a 
longer residence time and a higher pH than the primary (anaerobic) pond and has 
higher phosphorus treatment efficiency due to the action of various microorganisms. 
Many researchers studied various methods to increase the phosphorus treatment 
efficiency of such facultative ponds. Veeresh et al. (2010) reported on the changes of 
various algae species and seasonal P removal in WSP. Also, the slight pH increase of 
pond effluent was observed to be the effect of algae, thereby increasing the P removal 
rate. Craggs et al. (2004) reported that P removal efficiency increased due to the action 
of high pH and algae and proposed high rate algal pond (HRAP) systems to increase 
P treatment efficiency (Craggs et al., 2014). Peng et al. (2007) reported that the number 
of aluminium (Al) and iron (Fe) bound P in WSP pond sludge increased in weak alkali 
(pH 7-8) conditions. The high pH of the secondary pond effluent was due to algae. In 
turn, the P removal rate of the secondary pond increased (Craggs et al., 2004a, 2004b; 
Peng et al., 2007; Veeresh et al., 2010). The increase in NaOH-P in pond sludge was 
due to the high pH and microorganisms in the pond (Peng et al., 2007; Veeresh et al., 
2010). 
5.3.2 Phosphorus fractions in pond sludges  
The PPsludge and the SPsludge had 9% and 14% of H2O-P and 39% and 46% of labile P, 
respectively. PPsludge and SPsludge had 61% and 54% of stable P, respectively (Table 
5.2). These figures were somewhat different from the results of the existing stockpile 
(raw manure) analysis described in Chapter 4. Unlike pond sludge, raw manure 
contains a large proportion (60% or more) of labile P out of TP (He 2013). Tables 5.2 
and 5.3 show the different compositions in PPsludge and SPsludge. Most of P in pond 
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sludge was inorganic P. SPsludge contained a higher percentage of the residual P, which 
was strongly bound to Ca and precipitated at the bottom of the pond. In this study, 
unlike stockpile, NaHCO3-P in PPsludge and SPsludge had no organic phosphorus, and 
labile P accounted for 28-59% of the total extractable P. Primary pond crust (PPcrust) 
and stockpile had organic P in NaOH-P and NaHCO3-P fractions. PPcrust and stockpile 
had 15% and 13% of organic P in the total of extracted P, respectively. In this case, 
both had organic labile and stable P in total extracted P.  




















PPsluge 7481 7481 0 634 634 1431 1431 4780 4780 637 
SPsludge 20270 20270 0 823 823 7894 7894 5725 5725 5828 
PPcrust 14535 12676 1860 2515 4375 3824 3824 4411 4411 1926 
Stockpile 7972 7082 890 1039 1039 3840 3840 1338 2228 865 
Note: TIP, total inorganic P; TOP, total organic P; TEP, total extractable P. Primary pond crust (PPcrust) 
had 15% of organic P (Po) and stockpile had 13% organic P (Po) in total extracted P.  
 
Table 5.3 Labile and stable phosphorus fractions of the primary pond sludge and crust 
(P fractions analysis)  
Parameter, mg/kg PPsludge (n=4) Average PPcrust (n=5) Average 
H2O-Pi 160-629 332 260-62 302 
NaHCO3-Pi 407-1064 734 463-1425 874 
NaOH-Pi 290-1290 829 249-1823 922 
HCl-P 190-289 244 155-609 291 
Summation of P fractions 1103-3028 2140 1164-4219 2389 
Note: All samples were wet sludge and crust. Pi is inorganic P. Samples were collected between March 
and April 2016. 
 
Pond sludge and crust contained similar labile and stable P concentration compared to 
pond effluent (Figure 5.3). As described in Chapter 4, the plant available P (H2O-P) to 
TIP in PPsludge, PPcrust, SPsludge and stockpile (raw manure) was 12%, 19%, 10% and 
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38%, respectively. The ratio of plant available P (FRP) to TP in the average PPinfluent, 
PPeffluent, SPsupernatant, and SPrecycle was 53%, 40%, 35%, and 45%, respectively. The 
lower soluble P ratio of the pond sludge compared to the stockpile and pond effluent 
can reduce the probability of P lost as surface runoff causing water pollution as 
leachate upon land application. He et al. (2004) found that most of the inorganic 
phosphorus in dairy manure was in the form of H2O-P (51%) and about 9% in the 
NaHCO3-P. There was only 2% inorganic phosphorus in NaOH-P. However, it was 
concluded that 11% and 12% of organic phosphorus were present in NaOH-P and 
H2O-P, respectively, and 2% of organic phosphorus was present in NaHCO3-P. During 
the nutrient treatment in the ponds, organic phosphorus contained in NaOH extractable 
P increased and inorganic phosphorus of H2O-P decreased when compared with 
stockpile. This shows that the decrease of labile P and the increase of stable P resulted 
from the increase of P precipitated with Al and Fe during pond treatment. The 
secondary facultative pond is known to have a great effect on phosphorus removal 
(Veeresh et al., 2010). Thus, the secondary pond sludge included more inorganic P in 
stable P than that of the primary anaerobic pond sludge (Peng et al., 2007).  
Table 5.4 Characteristic of pond sludge in the Southern Highland, NSW  
Parameter EC1:5, 
mS/cm  
pH1:5 TN,  TP,  H2O-
Pi,  
K,  Na,  Mg,  Ca,  
Hong et 
al. (2018) 
PPsludge 3.8 7.7 4376 980 140 1778 211 434 3470 
SPsludge 9.3 7.7  
 
152 1130 160 1535 3126 
Fyfe et al. 
(2016) 
PPsludge    366  543 138 316 1183 
Note: Sources from “Dairy soils and fertiliser manual Australian Nutrient Management Guidelines April 
2013” and “The Effluent and Manure Management database for the Australian dairy industry” Dairy 
Australia. (Birchall et al., 2008; Fyfe, 2014). The unit of the nutrients are mg/L.  
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Figure 5.3 Phosphorus distribution in pond sludge and effluent  
NaOH-P (Al and Fe bound phosphorus) had a significant relationship with total 
extractable P in pond sludge and is similar to the raw manure analysis result (Figures 
5.4 and 5.5). Inorganic H2O-P and total NaOH-P had a significant relationship with 
TP (He et al., 2004) and in this study, inorganic NaOH-P and NaHCO3-P increased 
with the increase of the total inorganic P. He et al. (2009) indicated that the water 
extractable P and NaOH-P (Al and Fe bound P) had a significant relationship with TP 
in raw manure. This is due to the increase of NaOH-P in pond sludge during treatment 
in the ponds (Veeresh et al., 2010; Peng et al., 2007). He et al. (2004) also found a 
relationship between total manure P and P fractions. NaOH-P and H2O-P in raw 
manure had a positive correlation to total P whereas NaHCO3-P in pond sludge had a 
positive correlation to TP. Additionally, the P composition contained in the primary 
and secondary pond sludges had a slightly different appearance. This can be explained 
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Figure 5.4 Correlation between total inorganic P and inorganic P fractions  
The level of labile P in primary and secondary pond sludges were contained 1,219 
mg/kg and 2,848 mg/kg of labile P, respectively, and a significant amount of NaHCO3-
P and NaOH-P accumulated in secondary pond sludge. The pH of the secondary pond 
sludge was higher than that of the primary pond sludge. The composition of the P 
fractions stored in the pond sludge according to the facultative pond characteristics 
was different from that of the anaerobic pond sludge. The FRP discharged from the 
secondary pond was between 53% and 65% out of TP, respectively, which is likely to 
cause eutrophication if the effluent is directly introduced into the river (Schindler et 
al., 2008). Fyfe et al. (2016) pointed out that the P accumulated in pond sludge and 
crust affected the quality of the pond effluent and supernatant. Thus, the large amounts 
of P fractions accumulated in the primary and secondary ponds may affect the P 
concentration of pond effluent. Most nutrients are likely to be lost due to surface runoff 
or leachate when large amounts are applied to the soil due to low TS and high FRP. 
On the other hand, as pond sludge has a long residence time, P may be lost due to 
surface erosion. Thus, it is important that the application of pond sludge and effluent 
to the soil does not accumulate excess P in the soil by applying as much P as the plant 
needs (Dougherty and Chan, 2014). 
y = 0.0812x + 133.39
R² = 0.4322
y = 0.3909x - 182.18
R² = 0.7131
y = 0.4072x + 28.101
R² = 0.806
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Figure 5.5 Relationship between TP and P fractions in dairy manure (Source: He et 
al., 2004)  
In the PPsludge, the concentration of calcium (Ca) was the highest followed by 
potassium (K), TP and magnesium (Mg) (Table 5.4 and Figure 5.6). The concentration 
of Ca was the highest followed by K, Mg and TP in the SPsludge. The concentration of 
Ca, Na and K in the primary pond sludge was higher than that of the SPsludge, which 
indicated that the primary pond primarily stores and accumulated Ca, Na and K in 
large amounts. On the other hand, SPsludge contained higher concentrations of P and 
Mg than PPsludge. The concentration of TP and Mg in the PPsludge was about 62% and 
29% of SPsludge. Thus, the secondary pond can remove P and Mg more effectively than 
the primary pond. The high concentration of K accumulated in the primary pond sludge 
seems to contribute to the increase of K concentration in the pond effluent and it was 




5.3.3 Characteristics of pond supernatant and effluent 
The concentration of P and Ca contained in pond sludge was significantly higher than 
that of pond effluent and supernatant, which indicated that the treatment efficiency of 
P and Ca in the pond was high (Figure 5.6). The removal efficiency of Mg in the 
secondary pond was also high. Both TP and FRP were removed mainly in winter and 
spring. In summer, the FRPsupernatant (secondary pond supernatant) was higher than that 
of the FRPeffluent (primary pond effluent). P released from the sediment (pond sludge) 
was pH-dependent. The FRP released was high in summer with high pH (Istvánovics, 
1988). The FRP in autumn was higher than that of other seasons. This shows that as P 
was treated in the pond, many non-soluble P converted to FRP and released to the 
water. Thus, in the case of application of secondary pond effluent and supernatant in 
summer and early autumn on soil, the probability of loss of P may be higher than that 
of other seasons. Veeresh et al. (2010) concluded that the BOD and phosphate removal 
efficiency of wastewater stabilisation ponds (WSPs) was high during the pre-monsoon 
(winter and spring) period, which was due to a high concentration of chlorophyll 
content and algal count. The pond sediment influenced pond effluent and supernatant 
quality, especially in the summer, and precipitated P at the bottom of the ponds 
(Istvánovics, 1988). The pH and organic matters are the most important factors, which 
affect the phosphorus release of pond sediment. The nutrient treatment efficiency of 
the pond is affected by microorganisms such as algal count and chlorophyll content. 
Thus, understanding the seasonal characteristics of pond effluent and pond sludge 
should be considered in preference to soil application. 
 



























Primary sludge Secondary sludge
Primary pond influent Primary pond effluent
Secondary pond effluent
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The secondary pond supernatant (SPsupernatant) and effluent (SPeffluent) have been used 
for two purposes; irrigation for the grazing paddocks and washing the dairy shed. 
Secondary pond supernatant contained high concentrations of FRP and higher 
concentration of potassium (K), which was similar to the wastewater characteristics of 
Fyfe (2014) studied pond located in New South Wales (Tables 5.5, 5.6 and 5.7). TP in 
primary pond effluent and secondary pond supernatant of the previous studies was 53-
122 mg/L and 22-107 mg/L, respectively (Birchall et al., 2008; Fyfe, 2014). In this 
study, the results of total phosphorus (TP) of the pond effluent and supernatant were 
well corroborated with the previously reported pond effluent database of Australia.  
It was observed that the averages of phosphorus concentration in Australian pond 
effluent were between 36 mg/L (storage and single pond Qld, n=18) and 113 mg/L 
(Single ponds Vic Gippsland, n=12) (Table 5.7). The pH and EC of pond effluent and 
supernatant (pH1:5 and EC1:5 for sludge and soil) varied with temporal and spatial 
conditions. The pH value of pond effluent was 7.1-7.6. The electrical conductivity (EC) 
value was 4.968-9.524 mS/cm. The values of EC in animal manure was 8.0-26.0 
mS/cm (Sommer et al., 2013). Fyfe (2014) reported that mean values of pH and EC in 
the pond effluent was 7.9-8.2 and 3.571-3.902 mS/cm, respectively in NSW. 
According to dairy industry reports, the average EC of effluent pond were 3.904 
mS/cm (Qld, n=18) and 3.216 mS/cm (Vic, n=20). The average pH of effluent pond 
were 7.9 (Qld, n=18) and 7.3 (Vic, n=20), respectively (Dairy Australia, 2008). Fyfe 
et al. (2016) indicated that the high pH of the secondary pond effluent (over 8.0) was 
due to the high ionic strength and Veeresh et al. (2010) indicated that the high pH of 
the facultative pond was due to algal activities. Thus, high pH of the pond effluent and 
supernatant in this study may be due to high ionic strength and algal activities.  
P accumulated in pond sludge results in the increase of the P concentration in pond 
effluent and supernatant and affects the efficiency of P removal in the ponds. The 
PPsludge and SPsludge have a different plant availability of P due to the different treatment 
conditions. Determination of P within the ponds was carried out by the P analysis of 
primary pond influent (PPinfluent), primary pond effluent (PPeffluent), and secondary pond 
effluent and supernatant (SPsupernatant). Both ponds in this study had a high removal rate 
of calcium (Ca), magnesium (Mg) and TP. The potassium (K) in pond sludge and 
effluent was slightly higher than other studies (Tables 5.4 and 5.7). Sodium (Na) in 
pond sludge and effluent was slightly lower than other studies and Mg and Ca were 
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almost similar to other studies. The concentrations of K and Na in PPsludge was higher 
than that of SPsludge. The concentration of TP, plant available P, Ca and Mg in SPsludge 
was higher than that of PPsludge. It is obvious that the treatment efficiency of P and Mg 
of the secondary pond was higher than that of the primary pond. The concentrations of 
Mg and Ca in pond sludge were 1.5 to 3 times higher than those mentioned in other 
studies. The concentration of Mg and Ca accumulated in pond sludge was considerably 
larger than the amount of Mg and Ca accumulated in the pond supernatant, which may 
affect the concentration of Mg and Ca in the effluent. It may result in the increase of 
HCl-P (Ca bound P). In case of Fyfe (2014) study pond in New South Wales (NSW), 
the P treatment efficiencies of the primary and secondary ponds were 19% and 33%, 
respectively, and the efficiency of the primary and the secondary ponds were 31% and 
32%, respectively. Thus, the primary pond of this study contained large amounts of P 
compared to that of Fyfe (2014) study pond. In other words, accumulation of high P 
and other nutrients in the primary pond sludge is likely to reduce water quality in the 
primary pond effluent.  
The K and Na of SPsupernatant were higher than those of PPinfluent. It can be seen that high 
concentrations of K and Na in the pond sludge and crust were nourishing the water 
quality. Fyfe (2014) also reported that pond effluent had low concentrations of Na and 
high concentrations of K, similar to the ratio of Na and K in pond sludge in NSW. The 
trend of nutrients in this study was similar to a previous study in NSW, which had a 
higher concentration of K than other nutrients (Fyfe et al., 2016). With respect to the 
primary pond, the concentration of K that flowed out was higher than that of the 
incoming K, which seems to exceed the K treatment capacity accumulated in the 
primary pond. Thus, it is necessary to reduce the effect of K on the water quality by 
removing accumulated K through land application of pond sludge. As shown in Tables 
5.4 and 5.7, concentrations of nutrients in pond supernatant in NSW, Victoria and 
Queensland were different. This may due to the different animal diet and weather 






Table 5.5 Filterable reactive phosphorus and total phosphorus in dairy and pond 
effluents in 2016  






FRP, mg/L 79 (n=15, 16) 53 (n=9, 17) 36 (n=15, 17) 
TP, mg/L 119 (n=15, 37) 83 (n=12, 26) 65 (n=15, 15) 
Note: A “n” and the value in the parenthesis is analysis number and standard deviation (SD). 
 
Table 5.6 Characteristics of dairy manure (primary pond influent or dairy shed 
effluent), and pond by-products (primary pond and secondary pond effluents) in 2016  






pH 7.5 (n=8, 1.0) 7.2 (n=10, 0.0) 8.2 (n=8, 0.1) 
EC, µS/cm 4.5 (n=8, 1.3) 6.8 (n=10, 1.7) 5.7 (n=10, 2.4) 
TS, % 0.9 (n=8, 0.6) 0.7 (n=10, 0.2) 0.6 (n=10, 0.1) 
K, mg/L 881 (n=14, 417) 1151 (n=11, 280) 899 (n=14, 425) 
Na, mg/L 173 (n=14, 87) 158 (n=11, 26) 131 (n=14, 26) 
Mg, mg/L 164 (n=14, 76) 147 (n=11, 31) 124 (n=14, 38) 
Ca, mg/L 329 (n=14, 212) 277 (n=11, 84) 245 (n=14, 192) 
Note: The values in the parenthesis are Standard Deviation; n- indicate the number of samples 
analysed. TS is total solids.  
 




















PPinfluent    120 89 881 173 164 329 
PPeffluent     85 57 1151 158 147 277 
SPsupernatant    64 41 899 131 124 245 





PPinfluent    65 19 469* 155* 77* 87* 




PPeffluent 4.903 7.4 437 80  410 307 115 283 
McDonald 
et al. (2013) 
Northern 
Victoria 
PPeffluent   535 122  484    





PPeffluent 3.549  227 59      





PPeffluent 3.902 8 215 53 25 463* 152* 81* 99* 




SPeffluent  4.467 7.7 196 47  364 348 111 159 
McDonald 
et al. (2013) 
Northern 
Victoria 















SPeffluent 7.495 8.1 163 29  461 598 209 163 













4.593 7.6 220 46  394 268 111 112 






4.432 7 313 65  316 304 97 192 
McDonald 





  429 113  479    
McDonald 





0.005 7.3 311 86  361 231 97 149 
McDonald 





0.003  230 95  421    
Note: Sources from “Dairy soils and fertiliser manual Australian Nutrient Management Guidelines April 2013” and data of Kane et al. (2004), McDonald et 
al. (2013), Geary et al. (1999), Skeman et al. (2006) and Jacobs and Ward (2007a, b and 2018) described in “The Effluent and Manure Management 





Table 5.8 The concentration of total extractable phosphorus and the rainfall event during the sampling period  
Primary pond sludge Rainfall; one week before sampling  Rainfall; one week after sampling Total extractable Pk 
15 April 2016  9 mm 6 mm 3047 
10 August 2016 8 mm 0 3051 
17 August 2016 0 1 mm 3966 
24 August 2016 1 mm 41 mm 4003 
30 August 2016 41 mm 27 mm 4746 
23 September 2016 15 mm 29 mm 3918 
30 September 2016 31 mm 5 mm 3967 
17 April 2017 6 mm 3 mm 4032 
15 August 2017 0 1 mm 7481 







Table 5.9 Sampling numbers and P fractions  
P fraction TIP, mg/kg H2O-Pi, mg/kg NaHCO3-Pi, mg/kg NaOH-Pi, mg/kg HCl-P, mg/kg 
PPsluge 7481 (n=2, 7.58, 0.10) 634 (n=2, 2.60, 0.41) 1431 (n=2, 1.45, 0.10) 4780(n=2, 4.99, 0.10) 637(n=2, 4.01, 0.63) 
SPsludge 20270 (n=2,0.24, 0.07) 823 (n=2, 2.02, 0.25) 7894 (n=2, 7.07, 0.09) 5725 (n=2,3.17, 0.06) 5828 (n=2, 2.21, 0.04) 
PPcrust 12676 (n=2,10.62, 0.08) 2515 (n=2, 3.43, 0.14) 3824 (n=2, 3.75, 0.10) 4411 (n=2, 6.79, 0.15) 1926 (n=2, 4.15, 0.22) 
Stockpile 7082 (n=2, 4.59, 0.06) 1039 (n=2, 6.38, 0.62) 3840 (n=2, 3.75, 0.10) 1338 (n=2, 5.16, 0.39) 865 (n=2, 3.20, 0.37) 
PPsluge 3465 (n=9, 1213, 35) 403 (n=9, 157, 38) 1114 (n=9, 571, 51) 1486 (n=9, 528, 35) 463 (n=9, 195, 42) 
PPcrust 3188 (n=9, 1491, 46) 599 (n=9, 492, 82) 1178 (n=9, 690, 58) 1013 (n=9, 647, 63) 398 (n=9, 203, 51) 
SPsludge 5454 (n=3, 1242, 22) 661 (n=3, 340, 51) 1644 (n=3, 512, 31) 2446 (n=3, 248, 10) 703 (n=3, 150, 21) 
Stockpile 6030 (n=3, 1158, 19) 2242 (n=3, 165, 7) 2571 (n=3, 69, 3) 945 (n=3, 83, 9) 292 (n=3, 9, 3) 
Surface soil 1253 (n=3, 325, 25) 51 (n=3, 4, 8) 186 (n=3, 88, 47) 853 (n=3, 343, 40) 163 (n=3, 44, 26) 
Subsurface soil 551 (n=3, 294, 53) 12 (n=3, 3, 25) 62 (n=3, 10, 16) 429 (n=3, 11, 2.6) 48 (n=3, 13, 27) 
Note: The values in parenthesis are Standard Deviation; n- indicate the number of samples analysed and coefficient of variation; TIP, total inorganic 
P; TOP, total organic P; TEP, total extractable P.  
  
 
Figure 5.7 Primary pond sludge phosphorus and two weeks rainfall data  
 
 
Figure 5.8 Secondary pond sludge phosphorus and two weeks rainfall data  
As shown in Tables 5.8 and 5.9, sludge samples were collected mostly during the 
sunny days to avoid disturbance from the weather conditions and Table 5.9 shows the 
variation of the P fractions due to the different collecting period (from 2016 to 2018). 
However, as shown in Figures 5.7 and 5.8, any correlation between rainfall and total 
extractable P in pond sludge was not found. It is because that the many factors are 
related to the phosphorus content in pond sludge including weather conditions and 
pond characteristics (Veeresh et al., 2010 and Fyfe, 2014). To understand phosphorus 
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distribution in WSPs, analysis of the interaction between pond supernatant and sludge 
and the continuous monitoring of the pond conditions, such as algae, pH, EC and 
nutrients, are necessary. Many pond characteristics, such as algae (Veeresh et al., 2010) 
and pH (Fyfe, 2014), are related to the removal efficiency of phosphorus and other 
elements in the pond sludge and supernatant, thus further study need to be conducted 
to understand all P fractions and dynamics in WSPs.  
5.4 Summary  
For sustainable use of P in the dairy farm, it is necessary to drain the sludge from the 
pond regularly. Since the phosphorus (P) accumulated in pond sludge was large 
enough to affect the water quality of pond effluent, it is recommended to remove 
sludges from the ponds to increase the phosphorus treatment efficiency of the two-
pond system. Pond sludge contained at a similar ratio of labile P and stable P, therefore, 
pond sludge can be substitute for chemical P fertiliser. Pond by-products such as pond 
supernatant and sludge application to the soil is a more appropriate use of pond by-
products than off-land disposal. The pond supernatant can be used for cleaning the 
milking parlour.  
This study shows that the primary pond contained a significant level of P with respect 
to the study farm. The concentration of magnesium (Mg) and calcium (Ca) in the study 
pond was like that of other ponds, and the concentration of potassium (K) was higher 
than that of other ponds. The concentration of all nutrients in pond sludge was higher 
than that of pond effluent and supernatant. The K concentration in the effluent of the 
primary pond was sometimes higher than that of the influent, indicating that the K 
stored in the primary pond was flowing out through the effluent. Thus, application of 
pond sludge to the soil can accelerate the circulation of nutrients and improve the water 





IMPACT OF POND SLUDGE APPLICATION ON SOIL 
PHOSPHOROUS FRACTIONS  
This chapter is a partial reproduction of the journal paper titled “Phosphorus 
fractionation of paddock soil treated with dairy pond sludge and its implications on 
soil phosphorus fractions”. 
A waste stabilisation pond (WSP), which processes and stores the dairy shed effluent 
(DSE), contains significantly large amounts of nutrients. Most of nutrients are 
accumulated at the bottom of the ponds. Land application of accumulated nutrients in 
pond sludge plays an essential role in two ways. Firstly, pond sludge can supply 
required nutrients to grazing paddocks as a substitute for fertiliser and secondly, it 
enhances the efficient removal of nutrients in the pond treatment system. The objective 
of this study was to investigate the change in nutrient content in soil after the land 
application with pond sludge. Particularly, for the first time, phosphorus (P) fractions 
in the soil treated with dairy pond sludge were analysed. The results indicate that the 
land application of pond sludge led to an increase of nutrients, cations, such as nitrogen 
(N), phosphorus (P), potassium (K), sodium (Na), magnesium (Mg) and calcium (Ca), 
and organic matters (OM) in the soil. It was also found that the application of pond 
sludge significantly changed the composition of phosphorus in soil compared to 
control sample. In this chapter, phosphorus fractions in paddock soil treated with pond 
sludge were analysed using sequential fractionation.  
6.1 Introduction 
Raw manure and organic fertilisers change the constituents of soil inorganic and 
organic phosphorus upon land application. The effect of organic fertiliser on soil 
organic phosphorus is negligible, however, there is a slight change in the distribution 
of soil phosphorus when manure is applied on soil (Abdala et al., 2015; Annaheim et 
al., 2015). It is also important to choose the manure type and application method for 
the land application as manure type (liquid or solid) and methods (surface or injection) 
affect soil characteristics, P distribution and plant growth (Bittman et al., 2012; Dell 
et al., 2011; Cade-Menun et al., 2010). Applied P is easily absorbed to the soil particles 
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and stay on the surface of soil rather than leaching, especially under no-tillage 
conditions. The loss of P is of more concern in surface runoff than loss of N. On the 
other hand, N can be lost due to surface runoff if manure is applied on soil with high 
OM. Most animal manures are applied on soil based on a crop’s N requirements (hay 
crop 8: 1) to prevent the NO3 loss by leaching. Thus, manure application leads to an 
increase in soil P levels due to the low N: P ratio (6: 1) of dairy manure (Sharpley et 
al., 1998). Additionally, surface application of manure resulted in more P leaching than 
that of incorporated manure application on sandy loam soil (Magid, Mueller, & Bruun 
Hansen, 1999).  
It is known that the application method changes the phosphorus concentration in the 
subsurface soil rather than surface soil. Manure type has a small impact on surface 
soils, however it is known to have a large impact on the subsurface soil (Hansen et al., 
2004). Chen et al. (2012) also reported the reduction of available P in subsurface soil 
compared to surface soil. As inorganic P and organic P concentrations of soil vary with 
environmental conditions such as season, it is deemed necessary to analyse the soil 
condition and check other environmental conditions before land application of raw 
manure (Magid and Nielsen 1992). An application of manure in winter season affects 
the surrounding water system depending on soil condition and climate, thus each 
country has regulations on the land application of manure in order to minimise the 
impact on the surrounding water system due to manure land application (Liu et al., 
2018).  
The long-term application of raw manure changes the soil characteristics, especially 
phosphorus sorption capacity (PSC) and Al and Fe bound P (Abdala et al., 2015). 
However, some studies showed that manure application was less effective on organic 
phosphorus (Annaheim et al., 2015a). Long-term application of P also causes P 
accumulation in the subsurface soil. However, several other factors were known to 
affect the subsurface soil (Khan et al., 2018). Khan et al. (2018) analysed Olsen P up 
to 300 cm underground and reported that leaching was affected by irrigation condition 
and also by seasonal cropping systems. In Australian dairy farm industries, ryegrass 
and clover are mainly used in the dairy grazing system, hence it is necessary to 
understand two kinds of plant characteristics. In addition, many researchers have 
examined clover and ryegrass catch crops after  manure application (Askegaard and 
Eriksen, 2007). The long-term use of compost affects the physicochemical properties 
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of soils. Brown and Cotton (2011) showed that the effects on soil properties were 
different depending on the application amount of compost with long-term application 
improving soil fertilities. However, the available nutrients for long-term application of 
compost were not significantly different from control. NaOH and HCl phosphorus 
increased initially in soil treated with poultry litter, but labile P gradually increased 
(Waldrip et al., 2011). 
Pond sludge, which is generated during the processing and storage of dairy manure, 
accumulates at the bottom of the pond and affects the water quality of the treated water. 
Thus, land application of pond sludge increases the treatment efficiency of the pond 
and reduces the use of fertiliser in the pasture (Fyfe et al., 2016). This also prevents 
environmental pollution by preventing nutrient outflows to the surrounding water 
system due to the recirculation of nutrients in the dairy farm. The application of pond 
sludge also accelerates the effects of dairy waste compost (DC), liquid dairy waste 
(LW) and ammonium sulfate (AS) on nitrification and mineralisation of nitrogen 
(Habteselassie et al., 2006a, 2006b; Zaman et al., 1998). Pond sludge can be used as 
an alternative fertiliser in pastures as it contains abundant plant available nutrients like 
raw manure or other organic fertilisers. Increasing land application of pond supernatant 
and effluent or pond sludge also increases the dry matter (DM) yield of plants 
(Cameron et al., 1996; Jacobs and Ward 2007a, 2007b, 2008; Ward and Jacobs 2008a, 
2008b).  
Many studies related to land application of raw manure, compost and pond effluent 
have been conducted. However, only few studies have reported on the land application 
of pond sludge. Ward and Jacobs. (2008a, 2008b), Zaman et al. (1998) and Cameron 
et al. (1996a) applied pond sludge on dairy paddocks and found the DM yield increased 
with the pond sludge application. However, a few studies have reported the change in 
the TP and P fractions concentrations on the paddock soil due to the application of 
pond sludge. The objective of this study was to analyse the effect of pond sludge 
application on the soil phosphorus and its fractions. Additionally, the study identified 
the possibility of using pond sludge as an alternative to phosphorus fertiliser.  
6.2 Methodology 
6.2.1 Soil sampling location and collecting methods  
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The main purpose of collecting soil samples for laboratory analysis was to obtain 
information on the characteristics of the soil samples and to provide information 
representative of the soil. The soil was collected from Schofield dairy farm to 
determine the effects of pond sludge application on the soil phosphorus (Figure 3.4). 
Soils from paddocks F1, F10, F11, F6, F8 and Springer paddock were used in the 
experiments. According to Gregory Schofield, who is the owner of the Schofield Dairy 
farm, urea, turkey manure and dolomite were applied to the paddocks.  
Application history is described in Table 6.2 and reported by Hagare et al. (2018). No 
pond sludge and/ or fertiliser was applied to the Sick paddock and Springer paddock 
(control) next to the dairy shed. Pond sludge was applied one time only on paddocks 
F2, F8 and F10 (Figure 3.4). The pond sludge was applied twice during experiment 
between paddocks F5 and F12, except paddocks F8 and F10. Pond sludge was applied 
three times to a portion of the paddock F6 during experiment. As shown in Table 6.2, 
urea was applied to paddocks from F1 to F4 from July 2016 to June 2017, and a turkey 
manure was applied in April 2017. Since then urea, dolomite, turkey manure and 
stockpile were applied on paddocks.  
6.2.2 Analytical methods and procedure of nutrients in soil  
The methods of analysing soil and pond sludge are described in sections 3.2, 3.3 and 
3.4. Results of pond sludge, crust and stockpile- analyses are described in Chapters 4 
and 5. Soils collected from the paddocks were mixed in the field and transferred to the 
laboratory before being pre-treated. Nutrient and soil characteristics were analysed 
according to soil testing methods (Rayment, 2011). Soil samples were air-dried and 
ground to pass through a 2 mm sieve. Soil organic matter (OM) was analysed 
according to loss on ignition (LOI) method.  
6.3 Results and discussion 
6.3.1 Soil properties in grazing paddock  
Soil texture is one of the physical properties of soil, which affects the nutrient 
distribution and soil moisture content (Table 6.1). The soil from the Springer paddock 
(control) contained 76% of sand and 13% of clay (sandy loam). The soil in other 
paddocks contained 44-50% of sand and 23-28% of clay (clay loam) except paddock 
F1, which contained 51% of sand and 23% of clay (sandy clay loam). The optimal 
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moisture field capacity for clay-rich soils is relatively higher than for sandy soil. Clay-
rich soils may reduce the potential for groundwater contamination due to loss of 
moisture and nutrient from leachate because of their higher water-holding capacity 
(Askegaard et al., 2004). Soil texture also affects the organic matter (OM) content, 
which might increase plant available P and plant growth in soil (Chen et al., 2012). 







F10 F11 F6 F8 
Sand, % 76 51 47 45 44 45 45 
Silt, %  11 26 24 29 26 29 29 

















pH1:5  6.6 6.2 6.4 6.6 6.5 6.3 
EC1:5, 
µS/cm 
 63 167 193 117 144 399 
Organic 
matter, % 
 14.6 14.8 16.6 18.7 16.7 14.1 
Note: Surface soil is top soil (0-10 cm depth) and sub-surface soil is collected from 10-20 cm depth. 
 
Table 6.2 Application history of pond sludge and fertilisers in grazing paddocks  
Paddock F1 F6 F8 F10 F11 
July 2016 – 
June 2017 
240 kg/ha of urea     
August 2016  10 mm of pond 
sludge  
10 mm of pond 
sludge 
10 mm of pond 
sludge 
10 mm of 
pond sludge 
February 2017  10 mm of pond 
sludge 
  10 mm of 
pond sludge 
April 2017 2,400 kg/ha of 
turkey manure 
    
July 2017 240 kg/ha of urea     
August 2017  10 mm of pond 
sludge 
   
November 
2017 





  1,500 kg/ha of 
dolomite 
  
January 2018 1,500 kg/ha of 
dolomite 
2,000 kg/ha of 
dolomite 
2, kg/ha of 
dolomite 
  
January 2018  3,000 kg/ha of 
turkey manure 






6.3.2 Changes of phosphorus in soil after pond sludge application 
As shown in Figure 6.1, each soil had different proportions of P fractions. In particular, 
the content of NaOH-P (Al and Fe-bound P) in Springer paddock (control) was the 
highest among all the P fractions and residual P was the lowest. The total phosphorus 
concentration was 501 mg/kg in soil. Inorganic P, which was insufficient in the 
existing soil, increased significantly after the application of pond sludge and the plant 
availability of P also changed. Among them, inorganic phosphorus of NaHCO3-P and 
NaOH-P greatly increased across all the paddocks. Inorganic NaOH-P in pond sludge 
had a significant positive correlation with total inorganic P. Thus, the larger amount of 
pond sludge applied, the higher the level of inorganic NaOH-P in soil increased. The 
land application of pond sludge resulted in the increase of HCl-P (Ca-bound P) as 7-
15% and NaOH-P at 20-22% of TP in soil treated with pond sludge. NaOH-P in other 
soils had 25% of TP. The organic phosphorus increased by 9-15%, and in turn, the soil 
treated with pond sludge increased 24-26% of organic phosphorus of TP.  
 
Figure 6.1. Phosphorus fractions in soil treated with pond sludge (F10 and F11) and 
in soil treated with pond sludge and fertiliser (F6 and F8)    
The residual P in soil increased with pond sludge and fertiliser application. Hansen et 
































Grazing paddock in dairy farm
H2O-Pi+o NaHCO3-Pi+o NaOH-Pi+o HCl-P Residue
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P exists in the ground layer of soil after animal manure application. Hansen et al. (2004) 
also showed that land application of solid type (dairy manure) and liquid type (lagoon 
manure) had no significant differences on surface soil, however the P concentration 
between surface soil and subsurface soil was different depending on the type of manure 
application (solid and liquid). Cade-Menun et al. (2010) also found that the soil P 
distribution changed according to the soil profile.  
The control paddock contained quite low inorganic H2O-P at 6 mg/kg, which was 55% 
of total H2O-P. The soil treated with pond sludge contained 21-41 mg/kg of inorganic 
H2O-P, which was 74-87% of total H2O-P. The paddocks treated with pond sludge and 
fertiliser had 9-26 mg/kg of inorganic H2O-P, which was 60-83% of total H2O-P. The 
H2O-P is an indicator for accessing the potential P loss (Sharpley, 1982). Overall, soil 
TP increased by 47-48% with the land application of pond sludge. All the P fractions 
increased with land application of pond sludge. Especially, NaHCO3-Pi+o and NaOH-
Pi+o increased significantly as 36% and 47% higher than the control. It is due to the 
solubility change of OM and soil physical properties rather than the change of the 
action of microorganisms (Magid and Nielsen, 1992). Magid and Nielsen (1992) found 
that inorganic phosphorus had a negative correlation with soil moisture content 
through comparison of inorganic phosphorus and organic phosphorus in arable land 
and pasture land. However, organic phosphorus was found to not have any correlation 
with other factors. Magid and Nielsen (1992) also reported that the change in organic 
phosphorus concentration was insignificant. Most organic phosphorus contained in 
dairy manure and soil are known as phytase-labile organic phosphorus and have been 
analysed by hydrolysis or NMR analysis. However, Dao (2014) found that when 15 
mg P /kg and 30 mg P /kg of animal manure were continuously applied to the soil, 
organic phosphorus increased by 43% and 61%, respectively, and concluded that long-
term application could cause uneven distribution P in surface soil. Thus, it is necessary 
to observe the change of P fractions when pond sludge is applied because (i) the plant 
available P stored on the soil’s surface has a great influence on plant growth and (ii) 
at the same time, on the P loss by the surface runoff. Inorganic H2O-P increased 
significantly with pond sludge application.  
A majority of the organic phosphorus contained in the soil was orthophosphate 
monoesters, and the presence of phytic acid was also confirmed. Approximately 30% 
of an unreactive organic P is Fe and Al bound P. Organic P is initially absorbed with 
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Fe in soil (Abdala et al., 2015). Turner and Engelbrecht (2011) reported that 
phosphorus monoesters and DNA organic P had a positive relationship with TP, pH, 
and total carbon (TC) of soil. However, the percentage of DNA organic P in soil had 
a negative relationship with TP, pH and TC due to the constant of the DNA 
concentration. It was also concluded that amorphous manganese had more correlation 
with organic P. Turner and Engelbrecht (2011) found 26% of organic P was included 
in TP, whereas Shand et al. (1994) found 55-63% of organic P out of TP in the soil. 
Dao (2014) concluded that microbial biomass carbon increased with enzyme 
hydrolysable P by consecutive application of raw manure. Dao et al. (2015) also found 
that the EDTA-exchangeable enzyme-hydrolysable labile P (organic P) in soil 
increased when organic fertiliser (poultry litter) was applied to soil. Menezes-
Blackburn et al. (2013) reported that rhizosphere and its environment affected the 
organic phosphorus hydrolysis by microbial phytases and found that monoester 
hydrolysable P in dairy cattle manure has the highest concentration among animal 
organic wastes. However, in this study, the effect of the pond sludge on organic P 
cannot be explained due to the lack of the information of paddocks.  
Abdala et al. (2015) found that most of P combined with the Al-bound (NaOH-P) 
fraction and unreactive P primarily combined with the Fe-bound fraction. It was 
concluded that the reactive P in soil treated with manure followed the order: Al-bound 
P, Ca-bound P, NaHCO3-P, Fe-bound P and soluble P (Figure 6.2). It was also 
concluded that the successive application of animal manures accelerated the 
transformation of crystalline P into Fe and Al-bound P. Abdala et al. (2015) extracted 
Al-bound P using NaH4F during P sequential extraction to distinguish between Al-
bond and Fe-bound P. It was also found that Al-bound bioavailable P exists in 
considerable amount in manured soil. Thus, total NaOH-P increases mostly with the 
increase of phosphorus combined with Al depending on manure land application. The 
effect of organic fertilisers on soil fertility, organic phosphorus and P sorption capacity 
(PSC) was negligible in the long term. However, there was a slight variation in the 
distribution of soil phosphorus (Abdala et al., 2015; Annaheim et al., 2015a) and soil 




Figure 6.2. Total extracted P fractions in soil treated with pond sludge (F10 and F11) 
and in soil treated with pond sludge and fertiliser (F6 and F8)    
The amount of H2O-Pi+o, NaHCO3-Pi+o, NaOH-Pi+o and HCl-P in soil treated with pond 
sludge increased 5, 8, 8 and 31 times compared to the control, respectively. H2O-Pi+o, 
NaHCO3-Pi+o, NaOH-Pi+o and HCl-P in soil treated with pond sludge and fertiliser 
increased 2, 7, 6 and 10 times compared to the control, respectively. Labile P and stable 
P in soil treated with pond sludge increased 8-11 times, which was higher than an 
increase of other paddocks (6 times higher than the control). Thus, the application of 
pond sludge increased soil phosphorus plant availability. Furthermore, paddocks 
treated with pond sludge contained more labile P than other paddocks (Tables 6.3, 6.4 
and 6.6). However, there was no significant differences between paddocks. As shown 
in Table 6.5, The p-values of the P fractions in soil treated with pond sludge were < 
0.001 in stable P and TP, especially, NaOH-P had a significance between two different 
applications. Thus, pond sludge application increased phosphorus plant availability in 
soil. The t-test shows that all P fractions had a significance between paddocks treated 
with pond sludge and other paddocks except NaHCO3-P (p = 0.09). Thus, mostly all 
paddocks had similarities, however there was no significance for the organic 
phosphorus among paddocks. All the statistical analysis indicated that TP, stable P and 
NaOH-P had a significance among all paddocks (Table 6.5). This indicated that higher 
concentration of the Al and Fe bound P in pond sludge would stay in the soil matrix 
and thereby, stable P within the paddocks can supply the plant available phosphorus 































Grazing paddocks in dairy farm
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Table 6.3 Labile and stable P in soils   
Phosphorus  Control 
paddock  
Paddocks treated 
with pond sludge 
(F10; F11) 
Paddocks treated with 
pond sludge and 
fertiliser (F6; F8) 
Labile P, mg/kg 129 (n=4, 1) 360 (n=8, 99) 264 (n=8, 66) 
Stable P, mg/kg 304 (n=4, 12) 624 (n=8, 85) 553 (n=8, 43) 
TP, mg/kg 501 (n=2, 24) 1965 (n=4, 39) 1909 (n=4, 59) 
 






with pond sludge 
only (n=8) 
Paddock treated 
with pond sludge and 
fertiliser (n=8) 
H2O-Pi+o, mg/kg 11 (1) 38 (11) 23 (10) 
H2O-Pi, mg/kg 6 (3) 36 (15) 20 (13) 
NaHCO3-Pi+o, mg/kg 235 (88) 319 (92) 298 (111) 
NaHCO3-Pi, mg/kg 27 (13) 252 (53) 209 (69) 
NaOH-Pi+o, mg/kg 339 (90) 498 (94) 510 (42) 
NaOH-Pi, mg/kg 34 (27) 317 (79) 224 (75) 
HCl-Pi+o, mg/kg 4 (3) 126 (111) 43 (34) 
Note: The values in parenthesis is standard deviation.  
Pi+o is total extracted (inorganic and organic) phosphorus; Pi is inorganic phosphorus; Po is 









Table 6.5 The P value for the effect of pond sludge treatment upon land with statistical 
analysis.   
t-test p value Significance 
H2O-Pi similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
<0.05 Significant 
H2O-Pi+o similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
<0.05 Significant 
NaHCO3-Pi similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
>0.05 Not significant 
NaHCO3-Pi+o similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
>0.05 Not significant 
NaOH-Pi similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
<0.05 Significant 
NaOH-Pi+o similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
>0.05 Not significant 
HCl-P similarity between soils treated being pond sludge 
and soils treated with pond sludge and fertiliser 
<0.05 Significant 
Regression analysis   
TP similarity between soils treated being pond sludge 
and soils treated with pond sludge and fertiliser 
<0.005 Significant 
Stable P similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
<0.005 Significant 
NaOH-P similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
<0.005 Significant 
chi-squared test   
TP similarity between soils treated being pond sludge 
and soils treated with pond sludge and fertiliser 
<0.005 Significant 
Labile P similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
<0.005 Significant 
Stable P similarity between soils treated being pond 
sludge and soils treated with pond sludge and fertiliser 
<0.005 Significant 
Note: Pond sludge was applied on soil in paddocks F10 and F11. Pond sludge and fertiliser 




Table 6.6 Statistical significance test on the differences of the P fractions between 
the soils treated with PS (paddocks F10 and F11) and control paddock  
Phosphorus fractions/ Plant 
availability of Phosphorus 
P value; t-test Significance+ 
TP 0.02 * 
H2O-P 0.002 ** 
H2O-Pi 0.005 ** 
NaHCO3-P <0.001 *** 
NaHCO3-Pi <0.001 *** 
NaOH-P 0.03 * 
NaOH-Pi <0.001 *** 
HCl-P 0.049 * 
Residual P 0.009 ** 
Labile P <0.001 *** 
Stable P <0.001 *** 
Note: + shows the different levels of significance, namely, P < 0.05 (*), P < 0.01 (**), or P 
< 0.001 (***). 
 
6.3.3 Effect of pond sludge application on soil properties 
Pond sludge application led to an increase of nutrients in soil (Tables 6.3, 6.4 and 6.6). 
P exists in a variety of forms in soil, and in practice, only a few can be utilised by 
plants. As mentioned earlier, the concentrations of nutrients in pond sludge, crust, 
supernatant and stockpile (raw manure) were higher than those contained in soil. Thus, 
it is possible to increase the plant production and increase the soil nutrients by the land 
application of stockpile and pond by-products, such as pond sludge and supernatant. 
As shown in Table 6.6, in this research, nitrogen concentration in Springer paddock 
was similar to other soil and had 8:1 of the N to P ratio. TN and TP increased by 10-
27% and 47-48%, respectively, according to pond sludge application. After land 
application of pond sludge, the ratio of N to P decreased to 3:1 due to the P 
accumulation in the soil. Since the N to P ratio is small, land application of organic 
fertiliser with N base can lead to excessive P outflow. Miller et al. (2011) reported that 
the loss of dissolved phosphorus (DP) by P-base manure application was small and 
that the soil test of phosphorus (STP) showed a slight difference in both beef cattle 
manure P base and N base application. However, total nitrogen (TN) did not show any 
significant difference between control and all the other paddocks. Further, when 
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municipal anaerobically digested sludge was applied as a hay crop source, soil 
accumulation of P increased according to the low N to P ratio of sludge (Tesfamariam 
et al., 2013).  
The concentration of cations also increased with land application of pond sludge across 
all paddocks. The concentration of magnesium (Mg) in paddocks treated with pond 
sludge and paddocks treated with pond sludge and dolomite had no significant 
differences. In the case of the calcium (Ca) to Mg ratio, there was no difference from 
pond sludge application to fertiliser application. The ratio of Ca to Mg was 4:1. This 
result is very similar to Ward and Jacobs (2008b), which was between 3.3:1 and 4.0:1. 
Thus, pond sludge application has no significant effect on the Ca to Mg ratio.  
The organic matter (OM) in soils affect the water content and pH of soils and 
ultimately affect plant growth. The OM in soil treated with pond sludge increased to 
16.6-18.7%, which was higher than that of the control paddock (14.6%). It seems that 
OM and labile P increased with application of pond sludge. Thus, pond sludge 
application had a positive relationship with an increase of OM (Chen et al., 2012). 
Long-term land application of animal manure is known to lead to an increase in OM, 
and it is known that there was a positive association between available P and OM. 
However, the increase of OM and soluble P may cause P loss to the watershed near 
the farm, thus heavy manure application to the soil is not encouraged as it has high 
OM (Askegaard et al., 2004; Daly et al., 2001). The land application of pond sludge 
on clay-rich soil reduces the possibility of loss of P due to surface runoff and leachate. 
On the other hand, the higher water content may lead to a decrease of labile P, therefore 
irrigation and fertiliser management plan should be established according to each soil 
condition and characteristics of soil as well as the pond sludge characteristics.  
The dry matter (DM) yield of plants increased by the land application with pond sludge 
and supernatant (Cameron et al., 1996; Jacobs and Ward. 2007, 2008; Ward and Jacobs, 
2008a, 2008b). Ward and Jacobs (2008a) also confirmed that when pond sludge 
application rate increased, plant DM yield and accumulated nutrients in the soil also 
increased. The application of pond sludge thereby results in the increase of soil TN, 
OM and EC1:5 as well as grass dry matter yield. Ward and Jacobs (2008a) applied 
sludge at a different rate (0 mm, 15 mm, 42 mm and 85 mm) and found pH1:5, EC1:5, 
OM and TN increased 0-4%, 59-309%, 0-22% and - 3-19%, respectively compared to 
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the control. On the other hand, the values of pH, EC, OM and TN of the control 
decreased by 0%, 9%, 4% and 8%, respectively.  
Table 6.7 Soil characteristics and nutrients in paddock soils   
Parameter  Control paddock (n=2) 
Paddocks treated with 
pond sludge (n=4) 
Paddocks treated with 
pond sludge and 
fertiliser (n=4) 
pH1:5 6.6 (0.44) 6.5 (0.13) 6.4 (0.15) 
EC1:5, µS/cm 63 (0.07) 155 (50) 272 (147) 
TN, mg/kg 3979 (578) 5216 (592) 5167 (752) 
TP, mg/kg 502 (23) 1959 (48) 1909 (91) 
K, mg/kg 2475 (264) 10218 (4409) 8775 (1220) 
Na, mg/kg 280 (55) 1417 (258) 1515(263) 
Mg, mg/kg 1469 (96) 7692 (1084) 7470 (209) 
Ca, mg/kg 6369 (1865) 23439 (22344) 30957 (5971) 
The TN to TP ratio 8:1 3:1 3:1 
The Ca to Mg ratio 4:1 3:1 4:1 
Note: The values in parenthesis is standard deviation.  
 
6.4 Summary  
In this study, total nitrogen (TN), total phosphorus (TP), potassium (K), sodium (Na), 
magnesium (Mg), calcium (Ca) and organic matter (OM) increased after pond sludge 
application in all paddocks. The N to P (nitrogen to phosphorus) ratio, which resulted 
from the increase in soil phosphorus (P) accumulation, decreased. Specifically, since 
the N to P ratio of pond sludge is small, land application of pond sludge based on N 
causes an excess application of P, resulting in P accumulation in soil; this may lead to 
P loss due to soil erosion or surface runoff. The plant availability of P changed due to 
the application of pond sludge and its impacts on the soil P distribution were significant. 
Stable P (summation of NaOH-P and HCl-P) and labile P (summation of NaHCO3-P 
and H2O-P) increased significantly as 45% and 30%, respectively, more than that of 
the control. In conclusion, the land application of pond sludge can increase labile and 





EFFECTS OF POND SLUDGE ON RYEGRASS GROWTH 
AND PHOSPHORUS LOSS  
In Chapter 6, land application of pond sludge and its impact on the changes of the 
phosphorus plant availability in soil was discussed. In this chapter, the value of pond 
sludge was evaluated as an alternative fertiliser by analysing the effect of pond sludge 
on Italian ryegrass and leachate. Ryegrass and clover have been commonly used for 
the feed of milking cows in grazing paddocks in Australian dairy industries. Thus, the 
yield of grass is critical for the dairy farm to supply enough diet for the milking cows 
and in turn increase the milk production. This study focused on assessing the effect of 
pond sludge application on the Italian ryegrass yield and phosphorus loss due to 
leachate. Towards this end, a pot study was carried out. Dry matter (DM) yield and 
nutrient content in ryegrass grown in soil treated with pond sludge and supernatant 
were analysed. Land application of pond sludge and supernatant is identified to 
increase the DM yield of the grass. Also, the application rate plays an important in the 
increase of the DM yield and nutrient loss. DM yield of ryegrass in soil treated with 
the pond sludge and supernatant was higher than the control. However, pond 
supernatant led to higher losses of water and nutrient due to leaching than the control 
and pond sludge application pots.  
7.1 Introduction 
In dairy farming, two-pond system was used to treat dairy shed effluent (DSE). These 
ponds collect nutrients accumulated as sediments at the bottom of the ponds. Nutrient-
rich sediment accumulated in the ponds is known as pond sludge. Pond sludge impairs 
the water quality of treated pond effluents as the accumulation of nutrients in pond 
sludge increases (Istvánovics, 1988). For the sustainable use of phosphorus (P) in a 
dairy farm, land application of P in pond sludge and effluent is necessary, where P is 
accumulated in the two-pond system (Bolan et al., 2009). Application of pond sludge 
on grazing paddocks is recommended for two reasons. Removal of pond sludge can 
enhance the treatment efficiency of the two-pond system and simultaneously improve 
the productivity of plants in grazing paddocks. Ryegrass and clover, such as Italian 
ryegrass (IRG), annual ryegrass (ARG), perennial ryegrass (PRG), and white and red 
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clover, have been widely used as feed for selected species depending on pastoral 
environment and soil conditions in Australian grazing pastures. 
The studies about other grasses, such as Lucerne and Tall fescue, were conducted to 
improve the productivity of the diet in dairy grazing pasture. Application of plants 
such as plantain to a combination of ryegrass and clover has also reviewed (Macfarlane 
et al., 2015). These studies were conducted to increase the quality of dairy production 
by feeding the cows with sufficient nutrients. McDowell and Cosgrove (2016) reported 
that white clover showed low phosphorus loss from a shoot and had a high yield. 
However, it was noted out that different environmental conditions could produce 
different results. White clover and Italian ryegrass are known to have higher nitrogen 
(N) and phosphorus (P) uptake rate than tall fescue (Sturite et al., 2007). In addition, 
the dry matter (DM) yield varies with weather conditions in ryegrass and white clover 
(Brougham, 1959).  
Several studies have also been conducted on seasonal variation of nutrient, moisture 
contents and P composition in the soil, which affect plant growth (Brougham, 1959; 
He et al., 2004; Horne et al., 2011). Horne et al. (2011) conducted modeling to find 
optimum water use efficiency by controlling irrigation. Lysimeter, which is used to 
measure the evaporation of the soil, is also used to improve the water use efficiency 
(Flumignan et al., 2012). Vaneeckhaute et al. (2016)  conducted a study on the P use 
efficiency using struvite, FePO4-sludge, digestate and superphosphate (TSP). The high 
concentration of plant available P in soil affects plant growth and increases the 
likelihood of P loss due to surface runoff during rainfall (Burkitt et al., 2010). Since 
fertiliser is usually applied to the soil with N base, P is accumulated in soil and 
increases the possibility of P loss. McDowell and Cosgrove (2016) reported that when 
level of Olsen P was 15 mg/kg in soil, the white clover showed the smallest P loss and 
relatively high yield (3.7 g/pot). Ryegrass had a medium yield (3.5 g/pot) and low P 
loss. In addition to Olsen P and Colwell P, a sequential fractionation method was also 
used for soil analysis. Although this method takes some time to analyse, there is an 
advantage that plant availability can be classified. If solution NMR (nuclear magnetic 
resonance) analysis and phytase analysis are carried out at the same time, analysis of 
organic P is possible. Enzyme extraction and NMR analysis were used to analyse 
inorganic and organic P in dairy manure (Cade-Menun et al., 2015; Dao et al., 2006). 
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He et al. (2004) characterised phosphorus more specifically using NMR, enzymatic 
incubation and sequential fractionation.  
Many studies have been conducted to promote plant growth and improve soil fertility 
using a variety of raw manure and composted manure. Land application of raw manure 
and compost is known to increase the DM yield of plants (Torres et al., 2015). Waldrip 
et al. (2012) compared the applicability of conventional dairy manure (CD) and 
organic dairy manure (OD), confirming no significant difference in growth of orghum-
sudangrass with N base OD, CD, and N fertiliser application. Waldrip et al. (2011) 
also confirmed that poultry manure (PM) application increased soil labile P and in turn 
increased the use of P by perennial ryegrass. Dougherty and Chan (2014) reported that 
soil physical properties improved by using compost land application. Land application 
of pond sludge and supernatant also increased plant productivity (Cameron et al., 
1996b; Jacobs and Ward, 2007a, 2007b, 2008; Ward and Jacobs, 2008a, 2008b). 
Cameron et al. (1996b) applied pond sludge with different application methods and 
found that both injection and surface application were less likely to contaminate 
groundwater due to N loss. Coad et al. (2014) reported that maintenance of the 
optimum agronomical P level with reducing P supplementary reduced the P loss. Also, 
España et al. (2019) indicated that overdose of the pig manure application might have 
a negative effect on the growth of perennial ryegrass (Lolium perenne) due to the P 
toxicity. Dell et al. (2011) studied that injection of swine and cattle manure into the 
soil and found a reduction of N loss using the injection method. Manure application 
plays an important role in loss of nutrients. If precipitation is present, application of 
manure is recommended 10 days earlier than precipitation. Application of manure 
should be completed at least 2 days prior to the rainfall event to minimise the losses of 
P, N and E coli due to surface runoff (Laurenson and Houlbrooke, 2014). 
In this chapter, analysis of ryegrass dry matter yield and nutrient losses in soil treated 
with pond sludge and supernatant was conducted to prove the advantage of pond 
sludge as an alternative fertiliser. Pond supernatant and sludge are known as alternative 
fertilisers for grazing pasture and increased DM yield of plants (Ward and Jacobs, 
2008a, 2008b; Zaman et al., 1998; Cameron et al., 1996). Thus, the impact of dairy 





7.2.1 Preparation of soil, ryegrass and pond sludge  
Soil from Springer paddock of Schofield dairy farm was used for the pot experiment. 
Springer paddock, which is located next to the dairy shed, untreated (Figure 3.4). The 
collected soil (sandy loam) was naturally dried and then used for the pot experiment 
after homogenisation. The prepared soil was transferred to pots at a density of 1.13-
1.14 kg/L after sieving through 2 mm screen. The total volume of soil in the pots was 
3.5 L.  
Pond sludge and supernatant were analysed for total phosphorus (TP), filtered reactive 
phosphorus (FRP) and labile P (summation of H2O-P and NaHCO3-P). Detailed 
sampling methods and analytical procedure for nutrients are provided in sections 3.2, 
3.3 and 3.4. The pond by-products (SPsupernatant, SPsludge and PPsludge) based on labile P 
were applied to the soil in the pots.  
The Italian ryegrass seed (Lolium multiflorum; Feast II, Tetra variety) was prepared. 
The ryegrass has what is known as the 4th leaf stage. As the first leaf starts to die when 
the fourth leaf grows, harvesting was performed at the 3rd leaf stage to maintain 
optimal ryegrass productivity. The metrological data such as rainfall and reference 
evapotranspiration (ETo) were collected from the weather station installed at 
Werrington South campus, Western Sydney University. Crop coefficient was used to 
determine evapotranspiration of ryegrass (ETc). A crop coefficient (Kc) is described in 
the following Table 7.1 and details are described in section 3.6.2.  
Table 7.1 A crop coefficient of the ryegrass  
Parameter Initial stage, Kc ini Development stage, Kc dev Mid stage, Kc mid 
Kc 0.95  1.05 
Duration 10 days 20 days 184 days 
Days 1-10 days 11-30 days 31-212 days 
Date 17 April – 26 April  27 April – 16 May  17 May – 11 November  
Note: Kc is crop coefficient of the ryegrass; Kc ini in initial stage; Kc mid is middle stage; Kc end 





7.2.2 Pot installation and maintenance 
Nine pots were installed at Werrington South campus of Western Sydney University 
(Figures 3.14 and 3.15). The soil collected from Springer paddock (control) contained 
76% of sand and 13% of clay (Figure 3.4). The ryegrass was seeded at 1.256 g (318 
kg/ha) per pot. The first green sprout came out a week after seeding. Pond sludge and 
supernatant were applied after 21 days to prevent plant burns after the seeds were sown. 
78.5 mg of labile P was applied to each pot. Plant leaves were collected and analysed 
at the 3rd leaf stage. After the first harvest of plants, each grass harvested when it 
reached 10 cm. It is known that maintaining the minimum height of the remaining 
ryegrass to at least 3 cm is favorable for growth and was maintained at 5 cm in this 
experiment. 
 
Figure 7.1 Italian ryegrass in the pots (left) and the 3rd leaf stage (right)  
The weather station was installed in the experimental field to collect meteorological 
data. The moisture content of the soil was maintained by irrigating water according to 
the measured volumetric water content (VWC) of the TDR-100 moisture meter (Little 
et al., 1998). Soil water in the actual dairy pasture was lost due to surface runoff, 
leakage, drainage, vegetation absorption and evapotranspiration. Water replenishes 
through precipitation and irrigation. In this experiment, water was supplied to the pot 
by irrigation and precipitation, and water loss occurred as evapotranspiration, leachate 
and plant absorption. Leachate was collected and analysed as soon as it was observed.  
7.2.3 Nutrients analysis  
Total nitrogen (TN), total phosphorus (TP) and total cations of ryegrass in soil treated 
with pond sludge were analysed. The collected ryegrass from the field was transferred 
to the laboratory and dried at room temperature. The dried sample was pulverised, 
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homogenised and used for the dry matter (DM) yields and nutrient analysis. The DM 
of ryegrass was determined by weight differences before and after drying. The grass 
was put in an aluminium tray and then dried in an oven at 70 °C for 48 hours until it 
reached a constant weight. TN and TP of plants were determined by discrete analyser 
(Gallery) after Kjeldahl digestion (section 3.4.1). Total cations were determined by 
inductively coupled plasma optical emission spectrometer (ICP-OES) after a reverse 
aqua-regia digestion (section 3.4.3). 
Leachate was stored in the sampling bottle and transferred to the laboratory for nutrient 
analysis. TN, TP, and cations analysed by water and wastewater quality analytical 
method (Rice et al., 2012). TN and TP were analysed using discrete analyser after 
persulfate digestion and cations were analysed as ionic nutrients after filtering. Cations 
concentration were determined using ICP-OES analysis (section 3.4.2). 
Quantitative analysis of TP and total cations of soil and pond sludge was carried out 
with 0.5 g of dried and sieved pond sludge and soil samples using reverse aqua-regia 
digestion method followed by ICP-OES analysis. Continuous extraction was used to 
obtain the plant available P fraction as described in Chapter 3 (Cross & Schlesinger, 
1995; Dou et al., 2000; He, 2013, Lehmann et al., 2004; McDowell & Sharpley, 2001; 
Turner, 2004) . A persulfate digestion method was used for TP analysis of wastewater. 
Total cations in ryegrass were analysed using soil and sludge analytical methods.  
7.2.4 Phosphorus use efficiency and phosphorus loss 
P use efficiency (PUE) of ryegrass and P loss by leachate were calculated to determine 
the advantage of the pond sludge application. The PUE was determined by ryegrass 
DM yield between pond sludge application pots, control pots and pond supernatant 
applied pots. P loss and export were determined by P loss and PUE (phosphorus use 
efficiency) methods proposed by Vaneeckhaute et al. (2015, 2016) . The K to (Mg + 
Ca) ratio in the plant was determined to predict the grass tetany in cattle. This ratio 
should be below 2.2. The nutrients uptake of ryegrass was analysed to determine the 





7.3 Results and discussion 
7.3.1 Water retention and lost (water balance)  
The surface water irrigation was carried out based on the volumetric water content 
(VWC) measured by the TDR-100 meter. The calibration of the meter was conducted 
using gravity water content (GWC) (Figure 7.2). Water was supplied by surface 
irrigation and precipitation and lost due to leachate and evapotranspiration. The 
meteorological data is described in Figure 7.3. Water loss in control pot, SPsupernatant, 
SPsludge and PPsludge was 27%, 31%, 24% and 24%, respectively. The total water loss 
of SPsupernatant was 4% higher than the control (Table 7.2). The water losses of SPsludge 
and PPsludge were 3% lower than the control. Water loss is highly affected by soil 
physico-chemical properties such as organic matter and water holding capacity. Soil 
texture and pH also have a significant relationship with the P leaching (Glaesner et al., 
2011b; Seshadri et al., 2014). Evapotranspiration of the ryegrass was calculated by the 
equation 15 described in section 3.6.2 (Allen et al., 1998; Hansen, 1974).  
Table 7.2 Water retention and loss of the pots  
Parameter, mL  Control SPsupernatant SPsludge PPsludge 
Irrigation (town) water 16100 11785 15717 15750 
Pond by-products applied 0 5059 41 178 
Rainfall 5862 5862 5862 5862 
Evapotranspiration (ETc) 18424 18424 18424 18424 
Leachate 5925 7005 5171 5097 
Difference between input and 
output 
-2487 -2827 -2075 -1831 
Note: SPsupernatant is secondary pond supernatant, SPsludge is secondary pond sludge and PPsludge is 
primary pond sludge. Pond by-products are pond sludge and supernatant.  
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Figure 7.2 Calibration of the TDR-100 meter using volumetric water content (VWC) 
and gravimetric water content (GWC)  
 
Figure 7.3 Rainfall and evapotranspiration (ETo)  
 
7.3.2 Characteristics of soil, pond sludge and pond supernatant  
The soil texture of the soil from Springer paddock (control paddock) was determined 
to be sandy loam (section 6.3). Soil pH1:5 was neutral (6.25-6.85) at 6.6 and EC1:5 was 
63 µS/cm (Chapter 6). Labile P in PPsludge and SPsludge accounted for 44% for both. 
SPsupernatant had 16% of labile P of total phosphorus (Table 7.3). Previous analysis of 
















































































































































respectively (Chapter 4). Among soil P fractions, content of NaOH-P was the highest. 
P compositions in pond sludge and supernatant are affected by raw manure 
characteristics and environmental factors, it is advisable to determine the application 
amount through pre-application analysis on the soil.  
Chen et al. (2012) found that soil plant available P had a positive relationship with 
organic matters (OM) and TP and decreased with an increase in pH. The original soil 
used in this experiment contained no organic phosphorus (OP) as NaHCO3-P and 
NaOH-P. Dao et al. (2015) showed that a large number of P remaining in the soil was 
present as organic phosphorus, according to the plant growth test by application of 
conventional, no-tillage and organic fertiliser. Most OP contained in dairy manure and 
the soil are known as phytase-labile organophosphorus and have been examined by 
hydrolysis or NMR analysis (Dao et al., 2006; Menezes-Blackburn et al., 2013).  
Table 7.3 Nitrogen and phosphorus contained in the pond sludge and supernatant.  
Parameter  Tap water  SPsupernatant  SPsludge  PPsludge  
Total solids, % - **4.8 g/L 57 14 
TN, mg/L 0.15 387 627 3243 
TP, mg/L 0.08 97 4302 972 
Labile-P, mg/L *0.003 *16  1908 442 
Soluble P (H2O-P 
and FRP), mg/L 
*0.003 *16 458 138 
Note: Labile P is summation of H2O-P and NaHCO3-P. *- FRP and ** - value is adapted from a 
report by Hagare et al. (2018). 
 
7.3.3 Dry matter (DM) yield and phosphorus in Italian ryegrass  
Italian ryegrass in pots treated with pond sludge and supernatant had a higher DM 
yield (kg/ha) than those of the control (Table 7.4). The ryegrass DM yield increased 
by 58%, 24% and 32% in SPsupernatant, SPsludge and PPsludge, respectively, compared to 
the control. The DM yield differences between pots treated with pond sludge and 
supernatant decreased gradually. However, the difference of the dry matter yield 
between soils treated with pond sludge and soils treated with pond supernatant was not 
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significant. The dry matter yield use efficiency of the ryegrass was 39% and 57% in 
pots treated with secondary pond sludge and primary pond sludge, respectively.  
Total usage of the P in the pots treated by SPsupernatant, SPsludge and PPsludge were 50%, 
12% and 11%, respectively, compared to the control. The total P uptake by ryegrass 
increased by 100%, 17% and 33% and total N uptake by ryegrass increased by 168%, 
43% and 62% in SPsupernatant, SPsludge, and PPsludge, respectively (Figures 7.4 and 7.5). 
Cations (K, Na, Mg and Ca) in ryegrass in pots treated with SPsupernatant and pond sludge 
(SPsludge and PPsludge) increased by 93-150% and 17-65%, respectively, compared to 
the control. In the short-term experiment, application of SPsupernatant may result in a 
rapid increase in DM yield and nutrient use by ryegrass due to the huge amount of P 
applied based on labile P.  
 
Figure 7.4 Total phosphorus in dry matter of ryegrass  
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The results are well corroborated with previous studies that reported ryegrass DM yield 
was significantly affected by the P application rate. Lucerne also showed an increase 
in DM yield with an increasing P fertiliser rate (Turan et al., 2009). In contrast, clover 
was not significantly affected by the P application rate (Sumanasena et al., 2011). 
Ward and Jacobs (2008b) reported a DM increased in perennial ryegrass, annual 
ryegrass, triticale and turnips with land application of pond sludge and more 
application of pond sludge resulted in the higher DM yield produced. The DM of 
SPsupernatant was higher than that of SPsludge and PPsludge due to the high concentration of 
TP (Ward and Jacobs, 2008a).  
Table 7.4 Dry matter (DM) yield and nutrients in ryegrass DM   
Parameter  Control  SPsupernatant  SPsludge PPsludge  
DM yield, mg 7694 14073 9916 10777 
TN, mg 344 913 488 551 
TP, mg 28 51 37 41 
K, mg 255 485 306 365 
Na, mg 6 15 8 9 
Mg, mg 24 47 29 34 
Ca, mg 41 91 57 64 
TP in ryegrass DM, % 0.4 0.4 0.4 0.4 
TN in ryegrass DM, % 4.5 6.5 4.9 5.1 
 
Table 7.5 Nutrients in ryegrass (roots and leaves) and soil after dismantling pots   
Parameter  Control (n=2) SPsupernatant (n=2) SPsludge (n=3) PPsludge (n=2) 
Ryegrass leaves     
TN, mg/kg 7350 (±177) 6356 (±946) 8921 (±778) 9119 (±150) 
TP, mg/kg 3750 (±177) 3000 (±177) 4042 (±88) 4000 (±354) 
Ryegrass roots     
TN, mg/kg 1656 (±521) 2313 (±1573) 4379 (±415) 6475 (±583) 
TP, mg/kg 375 (±177) 500 (±177) 917 (±88) 1188 (±88) 
Soil     
TN, mg/kg 2571 (±66) 2526 (±526) 2615 (±24) 2649 (±237) 
TP, mg/kg 462 (±4) 489 (±11) 544 (±21) 540 (±7) 
Note: The values in parenthesis are standard deviation; n indicates the number of samples analysed. 
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P uptake by ryegrass was the same in all pots. However, N contents were slightly 
different among the pots. Pots treated with pond supernatant had more N release than 
the control (Table 7.4). Level of cations in all pots were all the equally distributed 
among all pots except magnesium (Mg) and calcium (Ca) in SPsupernatant, which were 
0.1% and 0.2% higher than the control. While pond sludge and supernatant application 
did not affect the ryegrass nutrient contents significantly, in contrast the pond sludge 
and supernatant application increased the productivity of ryegrass.  
At the beginning of the experiment (from the 1st harvest to 7th harvest), pond sludge 
and pond supernatant fertiliser pots had a significance for DM yield (<0.05) with 
regression analysis (Figure 7.6). Also, the dry matter yield in primary pond sludge, 
secondary pond sludge and secondary pond supernatant pots had a significance 
(<0.001) at the end of the experiment (9 times harvest). TP in DM had a similarity 
(<0.001) among SPsupernatant, PPsludge and SPsludge. Additionally, the TP in DM yield 
among pots treated with pond sludge and supernatant had a significance as <0.001 with 
regression analysis and as <0.05 with t-test.  
 
Figure 7.6 Dry matter yield of Italian ryegrass in pots treated with pond sludge and 
supernatant  
7.3.4 Loss of nutrients as leachate  
The total loss in soil treated with pond sludge due to leachate was 24% for both in 
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pond sludge to the soil seemingly increased the water holding capacity as the soil OM 
increased (Brown and Cotton, 2011; Murphy, 2014). On the other hand, the loss of 
leachate in the pot treated with SPsupernatant was 4% higher than the control (Figure 7.7). 
As mentioned in section 7.1, the use of fertiliser is recommended 21 days before any 
precipitation event occurs to prevent the loss of nutrients due to surface runoff and 
leachate (Nash et al., 2003; McDowell and Cosgrove, 2016). The fertiliser should be 
applied at least 2 days before the rainfall event (Laurenson and Houlbrooke, 2014).  
The loss of Na+ and Ca+2 due to leachate in pots treated with pond sludge was higher 
than the control. The loss of K+ and Mg+2 was similar to the control. In the case of 
SPsupernatant, the loss in all nutrients was high, which was judged to be the result of the 
excessive application of nutrients. Most of P loss due to leachate and surface runoff in 
soil treated with manure and fertiliser is related to water extractable P (H2O-P) and 
FRP (also known as DRP) (Kumaragamage et al., 2012; Kumaragamage and Akinremi 
2018). H2O-P and FRP have been used as an index to assess P loss due to runoff, and 
this was believed to make a difference in P loss through surface runoff and leachate 
(Sharpley and Moyer, 2000). However, Kumaragamage et al. (2012) found that labile 
P (summation of H2O-P and NaHCO3-P) was more corelated to P loss due to leachate. 
The soluble form of phosphorus was reduced and stable P, which is less likely losses 
due to surface runoff and leachate, was induced during the treatment processes in two 
ponds.  
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The concentration of K in SPsupernatant of this study was higher than that of other 
Australian dairy pond effluent and was very similar to the pond located in NSW (Fyfe 
et al., 2016). The losses of K and P among the nutrients in pots treated with pond 
supernatant were much higher than that of the control, which seems to be due to the 
high concentration of K and P contained in the study ponds and low clay content in 
the soil (13% of clay). Ceretta et al. (2010) found that the losses of N and K increased 
with the volume of surface runoff, but the loss of P depends on the applied slurry rate. 
Thus, the loss of K and P was likely to increase as the leachate increased. P loss due 
to leachate is affected by soil texture and influenced by application methods. It is also 
known that an injection application method can reduce the loss through ammonia 
evaporation or leaching compared to the surface application (Glaesner et al., 2011a, 
2011b). Olson et al. (2009) reported that when different rates of cattle manure and N 
fertiliser are applied to the soil, water quality in groundwater was affected depending 
on soil texture. Thus, soil texture should be considered along with nutrients content in 
pond sludge and soil. Most of K in raw manure is present in the ionic state, but it can 
easily bind to the soil particles when applied to the soil (Schjonning, 2004 and Sommer 
et al., 2013). Askegaard et al. (2004) found that as soil clay increased from 5% to 24%, 
the proportion of K lost decreased. K is not an important factor to increase the pollution 
degree in the environment, however the ionic K contained in manure is necessary for 
plant growth, so it is necessary to minimise leaching (Sommer et al., 2013).  
Table 7.6 Nutrients applied by pond sludges and supernatant and nutrients lost due to 
leachate  
Parameter  Control  SPsupernatant  SPsludge  PPsludge  
Applied total N and P     
Nitrogen (TN), mg 1 1958 26 577 
Phosphorus (TP), mg 1 491 176 173 
Lost nutrients due to leachate     
TN, mg  11 20 12 11 
     
K+, mg 64 114 63 32 
Na+, mg 173 236 199 138 
Mg+2, mg 15 26 21 12 





Figure 7.8 Total water loss as leachate in pots treated with pond sludge and 
supernatant  
7.3.5 Nutrients and phosphorus balance with pond sludge application 
The nutrients applied to the soil are taken up by plants and, in the case of precipitation, 
they are lost due to surface runoff or leachate. In this study, the P loss of SPsupernatant by 
leachate was 100% more than control. SPsludge and PPsludge lost 5% and 23% of P less 
than the control, respectively. This result is supported by the previous finding that the 
loss of P depended on the amount of P applied (Ceretta et al., 2010). On the other hand, 
Salazar et al. (2012) indicated that the loss of nutrients depended on the soil properties 
rather than the application type. In the case of SPsupernatant, application based on labile 
P seems likely to lose more nutrient. It was only 16% of FRP out of TP in pond 
supernatant, thus total amount of the P was large compared to pond sludge. Thus, pond 
supernatant may cause the groundwater contamination due to the significant amounts 
of phosphorus. Mostly P is lost due to surface runoff. However, there is a potential 
loss as leachate when higher TP contained fertiliser was applied to the surface soil 
(Magid et al., 1999).  
Pond sludge and supernatant used in this study contained higher concentrations of K 
than other studied ponds in Australia. However, the K to (Ca + Mg) ratio of the control, 
SPsupernatant, SPsludge and PPsludge were 2.0, 1.7, 1.8 and 1.9, respectively, which were 
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reduced when pond sludge and supernatant were applied on land. The K to (Mg + Ca) 
ratio was analysed to predict factors that could induce grass tetany in cattle. A high 
proportion of the K to (Mg + Ca) ratio can increase plant grass tetany hazard (Robbins 
and Mayland, 1993; Tran et al., 2018). If a plant contains a high proportion of K, it 
will interfere with the uptake of Mg and Ca by animals, which can cause grass tetany. 
Thus, it is recommended to keep the grass tetany ratio below 2.2. Jacobs and Ward 
(2007b) reported that the application of secondary pond effluent might increase the K 
to (Mg + Ca) ratio, leading to animal metabolic problems (Jacobs and Ward, 2007a, 
2007b). Ward and Jacobs (2008b) found that pond sludge application reduced the risk 
of animal metabolic diseases unlike secondary pond effluent application.  
The P contents of 3.0-3.3 g/kg in ryegrass were sufficient to meet the minimum cattle 
dietary requirements. The recommended P range in the grass is above 2.2 g/kg. As 
shown in Table 7.8, the Mg contents in ryegrass were 2.6 g/kg, 3.7 g/kg, 2.6 g/kg and 
2.8 g/kg in control, SPsupernatant, SPsludge and PPsludge, respectively and the recommended 
optimum safe level is above 2.0 g/kg (Grunes, Stout, & Brownell, 1970). The 
recommended safe level of Ca is between 2.7 g/kg and 20 g/kg (Metson et al., 1966). 
Ca in ryegrass was 5.3 g/kg, 7.5 g/kg, 5.9 g/kg and 6.0 g/kg in control, SPsupernatant, 
SPsludge and PPsludge, respectively. Thus, the potential risk of animal metabolic problems 
was small (Gao et al., 2017; National Academies of Sciences & Medicine, 2016; 
National Research Council, 2001).  
With respect to the soil P, TP left in soil increased in pots treated with pond sludge and 
was higher than that of the control (Table 7.5). Also, pond sludge application pots had 
more labile P compared to others. Labile P in soil treated with pond sludge and 
supernatant were 33% and 27% of total inorganic P, respectively, which was higher 
than that of control pots (21%). This is due to the effects of the pond sludge application 
on the soil. As mentioned in Chapter 6, organic P increased with pond sludge 
application and in addition, total phosphorus in soil treated with pond sludge increased 
compared to the original soil (Table 7.7).  
In this chapter, it was confirmed that pond sludge was an efficient alternative fertiliser 
(Table 7.7 and Figures 7.9 and 7.10). The land application of the pond sludge led to an 
increase in the ryegrass dry matter yield and met cattle dietary requirements. Also, 
pond sludge application decreased the loss of water and nutrient than the control pots. 
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Additionally, total phosphorus and P fractions accumulated in the pots treated with 
pond sludge were higher than all the other pots. Furthermore, the pond sludge 
application rate was relatively lower than pond supernatant, which was 1-4% 
compared to the pond supernatant application rate. With respect to the pond sludge 
application, this showed that P loss as leachate decreased by 2-23% compared to the 
control. Pots treated with SPsupernatant lost more water and nutrients than other pots. It 
is due to the solubility of SPsupernatant and its higher concentration of the nutrients, 
especially potassium (K). High K concentration of the pond supernatant resulted in the 
K loss for all experimental period.  
Table 7.7 Phosphorus balance and within soil during the pot experiment.  
Parameter, mg Tap water  SPsupernatant  SPsludge  PPsludge  
TP in soil 3007 2978 2975 2974 
TP added by pond by-products 0 492 177 173 
TP in soil with pond by-
products 
3007 3470 3152 3147 
TP in soil left 1634 1409 1618 1628 
TP in ryegrass (harvested) 28 51 37 41 
TP lost due to leachate (lost) 1345 2010 1497 1478 
Note: Pond by-products are primary pond sludge, secondary pond sludge and supernatant.  
 
 
Figure 7.9 Total dry matter yield of ryegrass between pots treated with pond sludge 
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Figure 7.10 Soil labile and stable inorganic phosphorus in soil after dismantling the 
pots  





Literature SPsupernatant pots SPsludge pots PPsludge pots 
Mg 0.25 0.27 0.33 0.29 0.32 
K 1 3.43 3.45 3.09 3.39 
Note: Milking for minimum required for 20 L milk per cow per day. SPsupernatant is secondary pond 
supernatant and PPsludge and SPsludge are primary and secondary ponds sludge. Adopted from Table 5 of 
the “Managing pastures”, NSW Agriculture (Fulkerson et al., 1997).  
 
Table 7.9 The P value for the effect of pond sludge treatment upon soil with statistical 
analysis.  
t-test p value Significance 
H2O-P significant differences between the control and 
soils treated with secondary pond supernatant  
  0.09 Not 
significant 
NaHCO3-Pi significant differences between the 
control and soils treated with secondary pond sludge 
  0.16 Not 
significant 
NaOH-Pi significant differences between the control 






































H2O-P significant differences between the control and 
soils treated with secondary pond sludge 
<0.05* Significant 
NaHCO3-Pi significant differences between the 
control and soils treated with secondary pond sludge 
  0.05 Not 
significant 
NaOH-Pi significant differences between the control 
and soils treated with secondary pond sludge 
<0.05* Significant 
H2O-P significant differences between the control and 
soils treated with primary pond sludge 
<0.05* Significant 
NaHCO3-Pi significant differences between the 
control and soils treated with primary pond sludge 
<0.05* Significant 
NaOH-Pi significant differences between the control 
and soils treated with primary pond sludge 
<0.05* Significant 
Regression analysis   
Labile P significant differences between the control 
and soils treated with secondary pond supernatant 
  0.05 Not 
significant 
Stable P significant differences between the control 
and soils treated with secondary pond supernatant 
<0.05* Significant 
Labile P significant differences between the control 
and soils treated with secondary pond sludge 
<0.05* Significant 
Stable P significant differences between the control 
and soils treated with secondary pond sludge 
<0.05* Significant 
Labile P significant differences between the control 
and soils treated with Primary pond sludge 
  0.7 Not 
significant 
Stable P significant differences between the control 
and soils treated with primary pond sludge 
<0.01** Significant 
Note: Pond sludge was applied on soil surface in pots. Primary and secondary pond 
sludges were applied on pot soils. Pi is inorganic P and Pi+o is total extracted P. * 
shows the differences at the P < 0.05 (*), P < 0.01 (**), or P < 0.001 (***) level of 
significant 
 
7.4 Summary  
Dairy pond sludge and supernatant have widely been used as a source of fertiliser for 
dairy paddocks to increase grass productivity. In this study, the significant amounts of 
total P (TP) applied to the soil by secondary pond supernatant resulted in more losses 
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of water and P than those of the pots treated with primary and secondary pond sludges. 
Also, pond supernatant application based on labile P can cause significant loss of K 
and other cations due to leachate. With respect to the pond sludge application, pond 
sludge provided enough nutrients to grass even in a small quantity (1-4%) based on 
labile P compared to pond supernatant application. Additionally, more labile P was 
accumulated and less nutrients was lost in soil treated with pond sludge compared to 
other pots at the end of the experiment. H2O-P, filterable reactive phosphorus (FRP) 
and labile P (summation of H2O-P and NaHCO3-P) have been used as an index to 
determine the possibility of P loss due to surface runoff and leachate along with TP.  
After the application of pond sludge and supernatant, all nutrients contained in 
ryegrass were within the safe level. Pond sludge and supernatant application were less 
likely to induce grass tetany when applied to soil despite high potassium (K) in pond 
sludge and supernatant at the study ranch. The dry matter (DM) yields of ryegrass in 
soil treated with pond sludge and supernatant were significantly higher than those of 
the control. DM yield was higher for secondary pond sludge (SPsludge) and primary 
pond sludge (PPsludge) by 22% and 29%, respectively, compared to the control. Due to 
the high concentration of phosphorus (P) in secondary pond supernatant (SPsupernatant), 
the DM yield of ryegrass in SPsupernatant pot was the highest. Due to the difference of 
labile P and total P in SPsludge, PPsludge and SPsupernatant, dry matter yield of ryegrass was 
different among the pots. In conclusion, when determining the land application of pond 
sludge and supernatant, the application rate should be determined based on both FRP, 





8.1 Conclusions  
The main objective of this study was to determine the phosphorus (P) fractions in 
different manure (dairy shed effluent and stockpile) and pond by-products (pond 
sludge, crust and effluent). Analysis of phosphorus fractions was carried out to identify 
plant available phosphorus, which was highly correlated with plant growth and soil 
property in the soil ecosystem. The sequential fractionation method was used to 
analyse the phosphorus plant availability of stockpile (raw manure) and pond by-
products (pond sludge, crust and effluent). Additionally, P analysis in soil treated with 
pond sludge and supernatant has been carried out. Plant available phosphorus was 
defined as summation of labile phosphorus (labile P) and stable phosphorus (stable P). 
The characterised labile P and stable P fractions in soil and pond sludge were compared 
to each other and employed for understanding of P status in waste stabilisation ponds 
(two pond treatment system) and soils treated with pond by-products. P fractions and 
compositions in pond sludge affect the P distribution in the ponds and soil ecosystem. 
P fractions in pond sludge have a significant relationship with the plant growth upon 
land application. It was also observed that dry matter yield of ryegrass increased after 
soil was treated with pond sludge. Suitability of pond sludge and supernatant was 
proved through the pot experiment and paddock soil analysis. When pond by-products 
of the two-pond effluent treatment system were applied in large amounts on grazing 
paddock, available P take-up by plants and excess P was accumulated in the soil matrix 
until plants and microorganisms use it. The soluble P, such as water extractable P 
(H2O-P) and filterable reactive P (FRP), is lost due to water erosion, surface runoff 
and drainage leachate. H2O-P and FRP can be used to determine the potential P loss 
due to surface runoff and leachate.  
The P fractionation was carried out to evaluate the changes in labile P and stable P 
proportion in pond by-products and soil treated with pond sludge. The results from this 
study indicate that the pond sludge and crust contain readily available P fractions that 
is valuable for plants. Appropriate method of applying these sludges on paddocks will 
improve the sustainable management of nutrients within the dairy farms.   
The following specific conclusions were drawn from this study:  
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1) The phosphorus (P) plant availability has changed through the two-pond 
effluent treatment system. Raw manure (dairy shed effluent and stockpile) and 
pond by-products (sludge, crust and effluent) have different characteristics 
and are affected by the treatment conditions, environmental conditions and 
raw manure characteristics. Pond sludge had even distribution of labile and 
stable P of 40:60 compared to the stockpile which was of ratio 80:20. Thus, 
application of pond sludge on dairy paddocks instead of raw manure can 
potentially reduce the loss of nutrients via runoff.   
2) Primary anaerobic pond sludge and secondary facultative pond sludge have a 
different concentration of labile and stable P and had different concentration 
of cations due to the different wastewater treatment conditions. Labile P in 
secondary pond sludge was at least 2 times higher than that of primary pond 
sludge due to the higher P removal efficiency of the secondary pond. However, 
each pond sludge has the similar distribution of labile P and stable P (40:60) 
as TP in secondary pond is twice that of primary pond.   
3) Pot studies carried out in this study indicated that the land application of pond 
sludge increased labile P and stable P in the soil compared to the control 
paddock by 30% and 45%, respectively. This in turn changed the plant 
availability of P in pond sludge applied soils.  
4) Soil fertility including organic matters was improved after pond sludge 
application. Magnesium concentration in paddock soil treated with pond 
sludge increased and the concentration was similar to the other paddocks 
treated with dolomite (chemical fertiliser).  
5) Application of pond sludge and supernatant (pond by-products) in soil 
increased ryegrass dry matter yield by 22-29% compared to the control. Pond 
sludge and supernatant application did not increase potassium concentration 
in the ryegrass despite high concentration of potassium in the pond by-
products.  
6) Application of pond sludge increased water holding capacity of the soil which 
was applied with pond sludges. This was attributed to the higher organic 
content. Additionally, pond sludge application increased all phosphorus 
fractions (stable P, labile P and TP) in soil compared to the control and other 
pots treated with pond supernatant.  
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7) The waste stabilisation ponds (WSP) treating dairy shed effluent contained 
significant levels of P especially plant available phosphorus such as labile P. 
Thus, pond sludge can be used as an alternate to chemical fertiliser over 
grazing paddocks. Additionally, desludging of WSPs at regular intervals can 
further improve the nutrient removal efficiency of the WSP and water quality 
of the WSP effluent.  
The results obtained in this study indicate that the pond sludge can be a valuable 
fertiliser for the paddocks within a dairy farm. It can potentially replace the chemical 
fertilisers which are currently applied on the dairy paddocks. However, these 
conclusions must be considered in the light of limited number of replicates used in 
terms of lysimeter studies. To verify these results, additional lysimeter studies using 
adequate number of replicates must be carried out. 
8.2 Recommendations  
The following recommendations are suggested for further study of dairy pond sludge 
and effluent: 
1) Further pot/ field studies are required to determine the actual pond sludge 
application rates. Appropriate application rates of the pond by-products (pond 
sludge, crust and effluent) must be determined through the pot and field scale 
experiments. Additionally, comparative study of pond sludge and effluent 
applications are necessary for identifying the advantages of pond sludge over 
pond effluent application.  
2) The effect of continuous application of pond sludge on soil phosphorus and 
properties needs to be analysed for the long-term sustainable use of pond by-
products as a fertiliser. Organic P distribution in the soil treated with pond 
sludge can be used for understanding soil phosphorus distribution and 
improving soil fertility and to maximise pond sludge use in the grazing 
paddocks. Thus, continuous monitoring of soil treated with pond sludge and 
the analysis of organic phosphorus in pond sludge and soil is necessary.  
3) In this study, only phosphorus was investigated. For plants growth other 
nutrients, such as, nitrogen, potassium and other micro nutrients are important. 
Further studies are required to determine the usefulness of pond by-products 
in supplying these nutrients to the plants.  
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4) Cations are also important factors for the plant growth in the field. This study 
did not investigate this aspect. Hence, further studies are required to identify 
the effects of the pond by-products application on the soil cations and related 
soil properties.  
5) Future studies should consider adequate number of replicates in pond sludge 
and soil study to add further rigour to the results. In addition, long-term effects 
of land application of the pond by-products should be studied.  
6) A large scale experiment, such as pilot scale or field scale experiments are 
recommended to understand P dynamic in soils treated with pond sludge and 
supernatant. The results of the field scale experiments for dairy ponds and 
paddock soils can be used to maintain appropriate P content within in the dairy 
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APPENDIX B. CHARACTERISTICS OF THE TWO-
POND EFFLUENT TREATMENT SYSTEM 
Appendix B.1 Seasonal variation of pond effluent and supernatant.  
 
Appendix B.2 Plant available phosphorus concentration in primary and 
secondary pond sludges  
Parameter  PPsludge (n=3) SPsludge (n=3) 
TS  mg/kg  mg/1000 mL mg/kg mg/1000 mL 
TS  16% 174096 14% 175590 
TP  0.3941 686 0.6249 1097 
H2O-P 0.0327 57 0.0877 154 
Labile P  0.1469 256 0.2848 500 
Stable P  0.2518 430 0.3401 597 
Note: The data of H2O-IP and labile P, which were summation of the H2O-IP and 




















































































































































Seasonal variaton of the phosphorus
Influent TP Effluent TP Supernatant TP Influent FRP Effluent FRP Supernatant FRP
Appendix B.3 Nutrients and phosphorus fractions in pond sludges, curst and stockpile in 2017  
Parameter PPsludge  SPsludge  PPcrust  Stockpile  
pH1:10 7.6 6.6 7.08 8.8 
EC1:10, mS/cm 5.050 5.050 1.410 6.380 
Total solids, % 14-16 13-14 16-30 28-29 
Total extracted P, mg/kg  7481 27680 12676 7977 
K, mg/kg  7718 7406 5273 11510 
Na, mg/kg  1168 1121 1269 3916 
Mg, mg/kg 7630 10537 8877 9373 
Ca, mg/kg 18229  21124 20614 19881 
H2O-P, mg/kg 634 8234 2515 1039 
NaHCO3-Pi, mg/kg 1430 7894 3824 3840 
NaHCO3-TP, mg/kg 1430 7894 3824 3840 
NaOH-Pi, mg/kg 4780 5725 4411 1338 
NaOH-TP, mg/kg 4780 5725 4411 2233 
170 
 
HCl-P, mg/kg 637 5828 1936 865 






Appendix B.4 Sampling information  
 Sampling of sludge, crust and stockpile Pond water (influent, effluent and supernatant)  
 March 2016 Spring (November)  
 April 2016 Autumn (March and April)  
 August 2016 Winter (August)  
 September 2016 Spring (September and October)  
 October 2016 Autumn (April)  
 August 2017   
Note: More details for pond water are described in Hagare et al., 2018 
 
 Soil from the paddocks (F1, F10, F11, F8 and F6) Soil for the pot experiment (Springer paddock)  
 August 2017   
 January 2018   





























































































































































Air temperature  (0C) Wind speed (m/s) Rainfall (mm)
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APPENDIX C. PADDOCK SOIL CHARACTERISTIC IN DAIRY GRAZING PASTURE 
Appendix C.1 Soil inorganic P variation of paddock F1 after fertiliser application in 2017  
Parameter  2015 2016 2017 
H2O-Pi, mg/kg 41 51 194 
NaHCO3-Pi, mg/kg 151 198 846 
NaOH-Pi, mg/kg 901 853 869 
HCl-P, mg/kg 57 169 630 




Appendix C.2 Soil P variation of surface and subsurface soil in paddock F1  
Parameters Surface soil Subsurface Soil 
Sampling Depth, cm 0-10 10-20 
Soil texture Sandy clay loam Sandy clay loam 
Soil bulk density, kg/L 1.53 1.48 
pH 7.16 7.04 
EC, µS/cm 116 78 
Moisture Content, % 31 27 
TP, mg/kg  1392 666 
K, mg/kg 3233 2913 
Na, mg/kg  587 478 
Mg, mg/kg 1647 1372 




Appendix C.3 Fertiliser application history in paddocks  
Paddock Date  Amount Fertiliser 
F1-F4 July 2016 - June2017 240 kg/ 104 m2 Urea 
F1-F4 April 2017 2,400 kg/ 104 m2 Turkey manure 
F1-F4 July 2017 240 kg/ 104 m2 Urea 
F8 November 2017 82,600 kg/ 104 m2 Stockpile 
F8 December 2017 1,500 kg/ 104 m2 Dolomite 
F1-F8 January 2018 2000 kg/ 104 m2 Dolomite 
F1-F8 January 2018 3000 kg/ 104 m2 Turkey manure 




Appendix C.4 Soil bulk density of paddock F1  
Bulk density (g/mL) Surface soil Sub-surface soil 
Ring Rw 144.1 146.2 145.5 459.1 443.6 454.3 
Ring with soil RSw 467.6 460.0 471.9 145.0 144.1 136.5 
Ring volume Rv 209.8 209.8 209.8 209.8 209.8 209.8 
Bulk density BD=(RSw-Rw)/Rv 1.5 1.5 1.6 1.5 1.4 1.5 




Appendix C.5 Soil texture of paddock F1  
Paddock F1 
Time, minute T5  T90  
Hydrometer reading, g/L R5 (13, 14, 13.5 and 13.5) 13.5 R90 (8, 7.5, 7.5 and 8) 7.75 
Hydrometer blank reading, g/L B5 2 B90 2 
Temperature, °C T5 (22.4, 22.4, 22 and 22.6) 22.35 T90 (22.1, 22.1, 22.1 and 22.1)) 22.1 
Correction factor Cf5=(T5-19.5) * 0.3 0.86 Cf90=(T90-19.5) * 0.3 0.79 
Correction reading C5=(R5-B5) + Cf2 12 C90=(R90-B90) + Cf90 7 
Percentage, % P1=(25-C5)/25*100 51 P2=C90/25*100  26 
 
Sand, % P1  51%  
Silt, % P2  26%  
Clay, % P1-P2  23%  




Appendix C.6 Soil texture of paddocks  
Springer paddock 
Time, minute T5  T90  
Hydrometer reading, g/L R5 6.5 R90 4 
Hydrometer blank reading, g/L B5 2 B90 2 
Temperature, °C T5  24.6 T90 22.1 
Correction factor Cf5=(T5-19.5) * 0.3 1.53 Cf90=(T90-19.5) * 0.3 0.78 
Correction reading C5=(R5-B5) + Cf2 6.03 C90=(R90-B90) + Cf90 2.78 
Percentage, % P1=(25-C5)/25*100 75.88 P2=C90/25*100 11.12 
     
Sand, % P1  76%  
Silt, % P2  11%  
Clay, % P1-P2  13%  





Time, minute T5  T90  
Hydrometer reading, g/L R5 15.0 R90 8.5 
Hydrometer blank reading, g/L B5 2 B90 2 
Temperature, °C T5  22.4 T90 22.4 
Correction factor Cf5=(T5-19.5) * 0.3 0.87 Cf90=(T90-19.5) * 0.3 0.87 
Correction reading C5=(R5-B5) + Cf2 13.87 C90=(R90-B90) + Cf90 7.37 
Percentage, % P1=(25-C5)/25*100 44.52 P2=C90/25*100 29.48 
     
Sand, % P1  45%  
Silt, % P2  29%  
Clay, % P1-P2  26%  





Time, minute T5  T90  
Hydrometer reading, g/L R5 13.9 R90 6.4 
Hydrometer blank reading, g/L B5 2 B90 2 
Temperature, °C T5  22.5 T90 22.5 
Correction factor Cf5=(T5-19.5) * 0.3 0.9 Cf90=(T90-19.5) * 0.3 0.9 
Correction reading C5=(R5-B5) + Cf2 13.9 C90=(R90-B90) + Cf90 6.4 
Percentage, % P1=(25-C5)/25*100 44.4 P2=C90/25*100 25.6 
     
Sand, % P1  44%  
Silt, % P2  26%  
Clay, % P1-P2  30%  





Time, minute T5  T90  
Hydrometer reading, g/L R5 15.0 R90 8.5 
Hydrometer blank reading, g/L B5 2 B90 2 
Temperature, °C T5  22.1 T90 22.7 
Correction factor Cf5=(T5-19.5) * 0.3 0.78 Cf90=(T90-19.5) * 0.3 0.66 
Correction reading C5=(R5-B5) + Cf2 13.78 C90=(R90-B90) + Cf90 7.16 
Percentage, % P1=(25-C5)/25*100 75.88 P2=C90/25*100 11.12 
     
Sand, % P1  45%  
Silt, % P2  29%  
Clay, % P1-P2  26%  





Time, minute T5  T90  
Hydrometer reading, g/L R5 15.0 R90 8.5 
Hydrometer blank reading, g/L B5 2 B90 2 
Temperature, °C T5  22.0 T90 21.6 
Correction factor Cf5=(T5-19.5) * 0.3 0.75 Cf90=(T90-19.5) * 0.3 0.63 
Correction reading C5=(R5-B5) + Cf2 13.75 C90=(R90-B90) + Cf90 7.13 
Percentage, % P1=(25-C5)/25*100 75.88 P2=C90/25*100 11.12 
     
Sand, % P1 45 45%  
Silt, % P2  29%  
Clay, % P1-P2  26%  




Appendix C.7 Soil P fractions in paddocks analysed in 2017  
Parameter  Sick Springer F10 F11 F6 F8 F1 F2 F7 F6 
H2O-P, mg/kg 22 12 56 27 37 7 194 155 107 128 
NaHCO3-Pi, mg/kg 154 12 268 177 208 282 846 161 301 345 
NaHCO3-TP, mg/kg 291 116 268 223 292 282 846 540 301 345 
NaOH-Pi, mg/kg 391 12 386 262 318 187 869 766 260 646 
NaOH-TP, mg/kg 391 287 599 565 566 514 1499 1306 945 1195 
HCl-P, mg/kg 1 7 51 30 24 8 630 259 166 181 
Total Pi, mg/kg 568 38 761 496 587 485 2289 1340 533 955 
Total Po, mg/kg 459 463 1233 1429 1386 1360 630 920 986 895 
TP, mg/kg 1027 501 1994 1925 1973 1845 2919 2260 1519 1850 
Note: TP = organic P + inorganic P  





Appendix C.8 Soil characteristics and nutrients of paddocks in 2017  
Parameter Sick Springer F10 F11 F6 F8 F1 F2 F7 F6 
Soil bulk density, kg/ 
1000 mL 
-  - - - - 1.46 1.41 1.48 1.57 
pH1:5 6.0 6.6 6.4 6.6 6.5 6.3 5.4 5.7 5.8 5.9 
EC1:5 (mS/cm) 0.17 0.06 0.19 0.12 0.14 0.40 0.847 0.545 0.303 0.442 
TP, mg/kg 1027 501 1994 1925 1973 1845 2919 2260 1519 1850 
K, mg/kg 2546 2263 7100 13336 9638 7912 1322 2183 1887 2316 
Na, mg/kg 255 355 1234 1599 1700 1329 412 238 220 227 
Mg, mg/kg 1477 1447 6926 8459 7618 7322 883 991 991 1088 
Ca, mg/kg 7183 2263 7639 39238 35179 26735 9043 9178 7106 6871 
The TN to TP ratio  7 2 3 2      
The Ca to Mg ratio  1.6 1.1 4.6 4.6      




Appendix C.9 Statistics analysis for the phosphorus fractions in the paddock  
Parameter P value  
t-test   
H2O-Pi similarity between pond sludge applied paddocks and other paddocks  0.02  
H2O-TP similarity between pond sludge applied paddocks and other paddocks  0.01  
NaHCO3-Pi similarity between pond sludge applied paddocks and other paddocks  0.09  
NaHCO3-TP similarity between pond sludge applied paddocks and other paddocks  0.3  
NaOH-Pi similarity between pond sludge applied paddocks and other paddocks  0.02  
NaOH-TP similarity between pond sludge applied paddocks and other paddocks  0.4  
HCl-P similarity between pond sludge applied paddocks and other paddocks  0.03  
Regression analysis   
TP similarity between pond sludge applied paddocks and other paddocks  <0.001  
Stable P similarity between pond sludge applied paddocks and other paddocks  <0.001  
NaOH-P similarity between pond sludge applied paddocks and other paddocks  <0.001  
chi-squared test   
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TP similarity between pond sludge applied paddocks and other paddocks  <0.001  
Labile P similarity between pond sludge applied paddocks and other paddocks 0.002  
Stable P similarity between pond sludge applied paddocks and other paddocks  0.001  
Note: Pond sludge application paddocks are paddocks F10 and F11. Other paddocks are paddocks F6 and F8, which had pond sludge and 
fertiliser application.  
 
Appendix C.10 Feed for the herd and protein content in the feed  
Item/ protein Quantity (kg/cow/day)  Content of protein (%) 
Wheat 7.5  
Mineral pellet 1.5  
Mineral mix 0.4  
Canola meal 2 42 
Grain 4  
Lucerne 0 – 2 23 
Pasture and Sorghum 3 – 15 32 and 8 






Appendix C.11 Seasonal weather information  
Season Winter 2015 (1st Jun -
31st Aug 
Spring 2016 (1st Sep 
– 30th Nov) 
Summer 2016/17 (1st 
Dec – 28th Feb) 
Autumn 2017 (1st 
Mar – 31st May) 
Winter 2017 (1st Jun -
31st Aug) 
Total rainfall, mm 367 116 211 572 200 
Total 
evapotranspiration 
(reference crop), mm 
164 343 375 186 189 





APPENDIX D POT EXPERIMENT; SOIL, LEACHATE AND RYEGRASS 
Appendix D.1 Calibration of soil moisture meter (TDR-100)  
 Wet soil weight Dry soil weight Soil bulk density Gravity water content  Volumetric water content % error 
Unit g g g/mL GWC, % VWC, % % 
1 300.5 194.4 1.4 34.6 34.0 1.8 
2 309.9 209.1 1.5 32.5 34.4 -5.8 
3 308.7 200.3 1.5 35.1 38.0 -8.2 
4 325.1 218.7 1.5 32.7 34.8 -6.3 
5 300.1 201.9 1.4 32.7 35.8 -9.4 
6 259.1 173.6 1.2 33.0 33.3 -0.9 
7 315.2 239.0 1.5 24.2 24.0 0.7 
8 304.6 222.2 1.5 27.1 24.5 9.5 
9 313.2 232.1 1.5 25.9 25.0 3.4 
10 330.3 245.9 1.6 25.5 24.5 4.1 
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11 320.3 238.2 1.5 25.6 26.0 -1.4 





Appendix D.2 Descriptions of the pots and pond sludges applied  
Description of the Pots and pond sludges  
 Control SP supernatant SP sludge PP sludge 
Pot  1 2 3 4 5 6 7 8 9 
Application 
rate for P 
kg/ha/year 0 0 100 100 100 100 100 100 100 
kg/cm2/yea
r 0 0 0.000001 0.000001 0.000001 0.000001 0.000001 0.000001 0.000001 
mg/cm2/ye
ar 0 0 1 1 1 1 1 1 1 
Total 
application of 
P mg/year 0 0 314 314 314 314 314 314 314 
Application of 
P over 3 
months 
mg/3 





 97.2 97.2 4302 4302 4302 972 972 
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TP applied in 
soil (mg) mg 
 
 492 492 177 177 177 173 173 
TP in soil with 
sludge (mg)  
 
2994 3019 3461 3478 3149 3131 3177 3169 3125 
TP in soil with 




3470  3152   3147  




 16 16 1908 1908 1908 442 442 
TN in sludge 
 
  387 387 627 627 627 3243 3243 
TN applied in 
soil (mg) mg 
 








that needs to 
be applied 
based on TP 
(100 kg TP/104 








that needs to 
be applied 
based on labile 
P (100 kg 
labile P/ 104 
m2/year/3 




that needs to 
be applied 




that needs to 
be applied 
mL   5059 5059 41 41 41 178 178 
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on labile P mL   1686 1686 14 14 14 59 59 
TP in the soil mg/kg 750 750 750 750 750 750 750 750 750 
H2O-P  mg/kg 11.5 11.5 11.5 11.5 11.5 11.5 11.5 11.5 11.5 
NaHCO3-P mg/kg 26.7 26.7 26.7 26.7 26.7 26.7 26.7 26.7 26.7 
Weight of soil mg 3992.37 4025.90 3958.49 3982.17 3962.51 3939.00 3999.68 3994.74 3937.06 
Weight of soil kg 3.99 4.03 3.96 3.98 3.96 3.94 4.00 3.99 3.94 
TP in soil mg 2994 3019 2969 2987 2972 2954 3000 2996 2953 
H2O-P in soil mg 45.91 46.30 45.52 45.79 45.57 45.30 46.00 45.94 45.28 
NaHCO3-P in 
soil mg 106.60 107.49 105.69 106.32 105.80 105.17 106.79 106.66 105.12 
Labile P in soil mg 152.51 153.79 151.21 152.12 151.37 150.47 152.79 152.60 150.40 
Percentage of 




H2O-P added % 0.00 0.00 172.44 171.42 172.27 173.29 170.67 170.88 173.38 
Percentage of 
NaHCO3-P 
added % 0.00 0.00 74.27 73.83 74.20 74.64 73.51 73.60 74.68 
Percentage of 




APPENDIX D.3 IRRIGATED WATER AND LEACHATE GENERATED  
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter (mL) Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
Irrigation 14600 14400 10050 10320 14050 14150 14150 14150 14150 






























Appendix D.5 Volumetric water content (VWC)  
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter (%) Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
8 May  12.9 15.0 15.1 16. 13.3 12.2 12.9 12.2 11.9 
16 May 12.6 14.0 13.7 11.9 11.9 12.9 15.1 12.6 14.0 
21 May 11.3 12.2 12.6 12.4 12.3 12.4 12.8 12.7 12.9 
25 May 10.2 12.0 11.3 13.4 10.5 10.9 12.3 10.9 10.9 
26 May 16.0 14.2 10.2 10.2 14.2 13.4 14.5 14.5 13.8 
29 May 10.9 10.2 8.9 9.5 10.5 9.8 11.6 10.2 9.8 
4 June 11.2 12.1 13.1 13.6 12.1 11.1 12.3 11.8 12.9 
10 June 36.6 34.0 33.7 30.4 27.8 30.4 27.9 33.7 26.4 
13 June 21.1 22.1 27.5 23.2 17.4 17.8 18.1 18.5 16.6 
15 June 14.9 13.4 18.9 17.8 12.3 12.3 12.7 13.4 13.2 
19 June 18.5 20.3 19.2 16.0 19.9 16.0 14.2 13.8 13.4 
22 June 18.1 18.1 18.5 17.0 15.6 17.8 16.0 19.2 17.4 
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26 June 18.1 18.0 20.1 21.0 18.5 18.1 18.0 19.1 19.1 
29 June 37.3 36.2 39.5 36.6 37.3 38.7 39.1 39.1 38.1 
4 July 30.8 30.4 27.5 26.8 37.3 35.5 34.0 32.6 31.1 
7 July 24.6 23.6 21.7 21.8 29.3 29.7 29.7 30.8 25.4 
9 July  17.8 20.3 17.8 17.3 23.6 20.0 20.7 19.2 18.5 
13 July 17.0 14.9 13.1 13.1 22.7 19.3 19.1 18.7 18.1 
16 July 10.9 11.3 10.1 10.5 13.4 11.6 11.9 11.8 11.3 
19 July 11.6 12.3 11.3 11.3 18.5 11.6 16.0 12.3 16.0 
23 July 21.0 23.6 20.7 21.5 18.5 17.3 19.2 14.9 12.7 
27 July 12.3 18.1 15.6 12.0 13.4 14.5 13.8 17.4 15.2 
31 July 14.5 18.1 14.2 14.9 21.4 20.7 19.2 19.6 16.3 
7 August 12.7 12.3 10.2 10.4 12.3 12.7 13.8 10.5 10.8 
12 August 17.4 18.1 19.2 19.6 17.8 18.9 19.6 17.4 18.1 
17 August 13.8 12.0 13.2 11.5 13.2 13.1 12.8 11.8 13.1 
23 August 16.8 16.1 17.4 17.1 16.5 16.4 16.6 17.1 17.7 
200 
 
29 August 16.8 17.1 18.1 18.5 17.5 18.1 18.1 17.1 18.2 
8 September 17.2 17.1 17.1 18.1 18.1 18.2 18.1 17.5 18.7 
10 September 13.5 13.8 13.1 13.9 13.8 13.1 13.5 12.1 13.2 
15 September 16.3 16.1 17.2 17.1 16.8 16.5 16.8 17.1 17.2 
27 September 22.1 23.6 21.7 21.8 21.4 20.1 24.3 22.1 24.1 




Appendix D.6 Water irrigation  
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter (mL) Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
12 April – 30 
April 
2400 2400 2100 2100 2400 2400 2400 2400 2400 
1 May 100 100 0 0 0 0 0 0 0 
2 May 100 100 0 0 0 0 0 0 0 
3 May 100 100 0 0 0 0 0 0 0 
4 May 150 150 0 0 150 150 150 150 150 
5-20 May 100 100 0 0 100 100 100 100 100 
21-24 May 100 100 100 100 100 100 100 100 100 
25 May 200 200 100 100 200 200 200 200 200 
27-28 May 100 100 0 0 100 100 100 100 100 
29 May 100 100 100 100 100 100 100 100 100 
30 May 0 0 0 0 0 0 0 0 0 
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31 May 50 50 0 0 75 75 75 75 75 
1-5 June 100 100 0 0 100 100 100 100 100 
15-18 June 100 100 0 0 100 100 100 100 100 
22 June 0 100 0 100 100 100 100 100 100 
23 June 0 0 0 0 100 0 100 0 100 
24-27 June 100 100 0 0 100 100 100 100 100 
30 June 0 0 0 100 0 0 0 0 0 
1 July 0 0 0 0 100 100 100 100 100 
4 July 100 100 0 0 0 0 0 0 0 
5 July 100 100 0 0 100 100 100 100 100 
7-10 July 100 100 0 0 100 100 100 100 100 
12 July 100 100 100 100 100 100 100 100 100 
13 July 0 0 100 100 0 0 0 0 0 
16-17 July 100 100 100 100 100 100 100 100 100 
18 July 200 200 200 200 200 200 200 200 200 
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19 July 100 100 100 100 0 100 0 100 0 
20-22 July 100 100 100 100 100 100 100 100 100 
23 July 0 0 0 0 0 0 0 100 100 
24-26 July 100 100 100 100 100 100 100 100 100 
27 July 100 0 0 100 100 100 100 0 0 
28-30 July 100 100 100 100 100 100 100 100 100 
31 July 100 0 100 100 0 0 0 0 0 
1 August 100 100 100 100 100 100 100 100 100 
2 August 100 100 0 0 100 100 100 100 100 
3-4 August 100 100 100 100 100 100 100 100 100 
7 August 200 200 200 200 200 200 200 200 200 
8-9 August 100 100 100 100 100 100 100 100 100 
10 August 200 200 200 200 200 200 200 200 200 
11 August 100 100 100 100 100 100 100 100 100 
13 August 100 100 0 0 100 100 100 100 100 
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14-22 August 100 100 100 100 100 100 100 100 100 
23 August 100 100 0 0 100 100 100 100 100 
29-30 August 100 100 100 100 100 100 100 100 100 
1-2 September 100 100 100 100 100 100 100 100 100 
10-13 
September 
100 100 100 100 100 100 100 100 100 
14 September 200 200 200 200 200 200 200 200 200 
15 September 100 100 100 100 100 100 100 100 100 
16-17 
September 
200 200 200 200 200 200 200 200 200 
19-21 
September 
100 100 100 100 100 100 100 100 100 
22 September 200 200 200 200 200 200 200 200 200 
23 September 100 100 100 100 100 100 100 100 100 
24 September 200 200 200 200 200 200 200 200 200 
25 September 100 100 100 100 100 100 100 100 100 
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27 September – 
3 October 
100 100 100 100 100 100 100 100 100 
6-9 October 100 100 100 100 100 100 100 100 100 
23 October 200 200 200 200 200 200 200 200 200 
25-27 October 100 100 100 100 100 100 100 100 100 
28 October 200 200 200 200 200 200 200 200 200 
29 October 100 100 100 100 100 100 100 100 100 
30 October 200 200 200 200 200 200 200 200 200 
31 October 100 100 100 100 100 100 100 100 100 
1-2 November 200 200 200 200 200 200 200 200 200 
3-6 November 100 100 100 100 100 100 100 100 100 




Appendix D.7 1st ryegrass havesting in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
DM, kg/ 104 m2  230 260 263 200 259 254 225 251 206 
TN, kg/ 104 m2 13 11 13 10 9 12 16 13 18 
TP, kg/ 104 m2 1.0 0.8 0.9 0.7 0.7 1.0 1.1 0.9 1.1 
K, g/ 104 m2 8189 11008 12039 9302 10544 11746 9287 10710 10217 
Na, g/ 104 m2 148 193 218 175 191 266 178 214 250 
Mg, g/ 104 m2 734 1005 1099 843 929 995 899 1040 853 




Appendix D.8 2nd ryegrass yield in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
DM, kg/ 104 m2  302 298 485 455 332 317 306 337 303 
TN, kg/ 104 m2 15 17 28 26 19 16 15 18 16 
TP, kg/ 104 m2 1.0 1.1 1.8 1.6 1.2 1.1 1.0 1.2 0.9 
K, g/ 104 m2 12803 13167 22416 19778 13837 12025 11852 15439 13533 
Na, g/ 104 m2 171 274 537 566 282 172 192 252 230 
Mg, g/ 104 m2 939 954 1622 1462 1025 859 902 1079 924 




Appendix D.9 3rd ryegrass yield in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
DM, kg/ 104 m2 360 496 722 575 566 515 700 610 718 
TN, kg/ 104 m2 6 14 21 19 15 12 19 10 14 
TP, kg/ 104 m2 0.5 0.7 1.4 1.1 0.9 0.8 1.1 0.8 1.4 
K, g/ 104 m2 8366 22447 41914 23549 17054 15813 16106 22884 17530 
Na, g/ 104 m2 129 416 1248 921 416 335 381 548 346 
Mg, g/ 104 m2 788 1806 3288 1978 1575 1392 1409 1956 1501 




Appendix D.10 4th ryegrass yield in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
DM, kg/ 104 m2 398 312 987 959 541 564 484 615 519 
TN, kg/ 104 m2 10 8 95 40 12 17 14 18 20 
TP, kg/ 104 m2 1.6 1.3 8.9 4.3 2.2 2.6 2.2 2.6 2.2 
K, g/ 104 m2 13700 8401 37125 32497 15510 16457 14301 18216 20177 
Na, g/ 104 m2 342 125 1032 1004 280 250 244 330 369 
Mg, g/ 104 m2 375 231 2557 3751 535 646 431 866 462 




Appendix D.11 5th ryegrass yield in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
DM, kg/ 104 m2 290 252 618 745 404 357 331 354 379 
TN, kg/ 104 m2 7 6 36 37 10 10 9 10 13 
TP, kg/ 104 m2 1.2 1.0 2.8 3.4 1.7 1.6 1.5 1.7 2.0 
K, g/ 104 m2 7553 6822 22322 29516 12181 10364 9771 12057 12837 
Na, g/ 104 m2 179 155 778 927 335 225 208 263 284 
Mg, g/ 104 m2 285 260 1623 2182 811 735 832 1082 971 




Appendix D.12 6th ryegrass yield in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
DM, kg/ 104 m2 344 290 656 691 436 433 401 471 592 
TN, kg/ 104 m2 4 5 8 9 6 6 5 6 7 
TP, kg/ 104 m2 0.6 0.5 1.1. 1.1 1.0 0.9 0.9 0.9 1.0 
K, g/ 104 m2 18633 24650 44681 32883 31416 29743 25334 31817 27048 
Na, g/ 104 m2 2348 1373 2545 2203 1471 1055 1420 2082 1038 
Mg, g/ 104 m2 4462 4171 7881 6191 6263 5161 4697 6510 4603 




Appendix D.13 7th ryegrass yield in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
DM, kg/ 104 m2 105 102 169 188 131 156 134 134 194 
TN, kg/ 104 m2 2 1 2 3 2 2 2 2 2 
TP, kg/ 104 m2 0.2 0.1 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
K, g/ 104 m2 2167 1911 3744 3698 2953 3520 2827 3306 4278 
Na, g/ 104 m2 93 62 193 126 88 167 85 117 131 
Mg, g/ 104 m2 413 414 567 576 522 662 476 518 748 




Appendix D.14 8th ryegrass yield in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
DM, kg/ 104 m2 226 169 334 303 239 220 210 264 248 
TN, kg/ 104 m2 1 2 2 2 2 3 2 4 1 
TP, kg/ 104 m2 1.1 0.9 1.8 1.6 1.2 1.3 1.6 1.5 1.3 
K, g/ 104 m2 3904 3075 7697 6925 5098 5628 4947 6132 6258 
Na, g/ 104 m2 92 49 124 288 144 131 152 220 110 
Mg, g/ 104 m2 713 578 1077 1069 763 894 791 939 934 




Appendix D.15 9th and 10th ryegrass yield in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
DM, kg/ 104 m2 210 258 325 290 335 334 290 328 341 
TN, kg/ 104 m2 2.7 3.9 6.6 4.3 75 8.6 6.8 8.8 6.8 
TP, kg/ 104 m2 2.0 1.9 2.7 2.6 2.3 2.2 2.7 2.6 3.3 
K, g/ 104 m2 18 24 34 27 31 30 28 32 40 
Na, g/ 104 m2 0.6 0.8 0.8 0.9 1.3 0.8 1.4 1.6 0.8 
Mg, g/ 104 m2 3 4 4 4 4 4 4 5 5 
Ca, g/ 104 m2 6 8 8 7 10 10 9 10 10 




Appendix D.16 1st and 2nd Leachate in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
Loss, mL 390 500 967 1024 265 411 268 499 515 
TN, g/ 104 m2 310 370 1521 1409 299 490 344 526 532 
TP, g/ 104 m2 52 57 261 350 62 74 19 53 87 
K, g/ 104 m2 632 577 1682 1165 1622 1179 829 836 1469 
Na, g/ 104 m2 2075 1743 6576 7250 1758 3000 2078 3482 3482 
Mg, g/ 104 m2 92 78 239 163 135 167 163 129 217 
Ca, g/ 104 m2 441 337 1122 773 516 686 584 576 982 




Appendix D.17 3rd and 4th Leachate in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
Loss, mL  480 950 800 850 600 500 690 410 690 
TN, g/ 104 m2 471 1019 1694 1813 829 663 711 443 697 
TP, g/ 104 m2 69 103 541 739 156 110 135 65 103 
K, g/ 104 m2 495 1031 1877 1979 1523 681 773 543 740 
Na, g/ 104 m2 4134 6774 8382 10249 3380 3129 5338 2461 4511 
Mg, g/ 104 m2 368 425 1437 993 399 281 300 275 264 
Ca, g/ 104 m2 960 1724 2235 2261 1483 1158 1375 1092 1212 




Appendix D.18 5th Leachate in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
Loss, mL 370 680 630 470 650 400 570 330 560 
TN, g/ 104 m2 183 346 802 656 276 300 382 165 241 
TP, g/ 104 m2 25 31 98 169 35 32 53 35 18 
K, g/ 104 m2 988 868 1284 1355 1447 522 494 604 721 
Na, g/ 104 m2 2190 2804 3544 2751 3282 2405 2192 2095 2671 
Mg, g/ 104 m2 222 322 1038 1201 413 294 320 298 159 




Appendix D.19 6th Leachate in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
Loss, mL  560 760 820 560 400 310 390 370 450 
TN, g/ 104 m2 430 430 622 327 228 273 195 277 301 
TP, g/ 104 m2 122 107 197 152 59 71 77 51 68 
K, g/ 104 m2 488 448 1865 1979 428 278 348 498 237 
Na, g/ 104 m2 3008 4160 5725 4162 2735 2533 3144 3024 2058 
Mg, g/ 104 m2 298 282 385 337 239 289 311 303 354 




Appendix D.20 7th and 8th Leachate in pots 
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
Loss, mL  3390 3770 3610 3380 3400 3220 3440 3000 3420 
TN, g/ 104 m2 1877 1882 1572 2367 2496 1749 2454 2261 1818 
TP, g/ 104 m2 600 594 650 661 565 557 471 394 412 
K, g/ 104 m2 25183 9910 30236 29401 19757 12879 17066 8784 5717 
Na, g/ 104 m2 41364 41208 52351 49016 46200 48835 60015 33030 30839 
Mg, g/ 104 m2 3359 4070 4813 6141 5321 5027 6213 3196 2538 
Ca, g/ 104 m2 13918 16584 16402 16058 20558 20449 21612 13727 10418 




Appendix D.21 Metrological data from the weather station  
 Kc Rain  ETo ETc 
12-16 April 1 0 716 716 
17-27 April  0.95 81 818 777 
28-30 April 1.00 269 190 190 
1-16 May 1.00 6 1240 1240 
14-31 May 1.05 194 959 1007 
June 1.05 1231 1511 1587 
July 1.05 44 2085 2189 
August 1.05 131 2643 2775 
September 1.05 850 3047 3199 
October 1.05 2700 2758 2896 
1-11 November 1.05 356 1600 1680 




Appendix D.22 Phosphorus in soil after dismantling the pots  
 
Pot 1 Pot 2 Pot 3 Pot 4 Pot 5 Pot 6 Pot 7 Pot 8 Pot 9 
Parameter  Control Control SPs SPs SPsludge SPsludge SPsludge PPsludge PPsludge 
H2O-P, mg/kg 9.2 10.0 13.9 12.6 15.1 17.7 12.4 12.9 12.9 
NaHCO3-Pi, mg/kg 15.3 11.4 17.0 17.7 20.7 19.2 42.3 29.9 29.4 
NaHCO3-TP, mg/kg 203.1 156.7 177.5 164.2 196.4 233.5 181.4 201.4 196.2 
NaOH-Pi, mg/kg 85.7 89.2 81.4 85.2 90.2 89.1 84.5 85.1 79.2 
NaOH-TP, mg/kg 252.7 292.5 309.2 301.3 310.1 353.8 310.1 331.1 326.3 
HCl-P, mg/kg 0 0 0 0 0 0 0 0 0 
Total Pi, mg/kg 110.2 110.6 112.3 115.5 126.0 126.0 139.2 127.9 121.5 
Total OP, mg/kg 253.8 248.0 289.9 259.6 284.8 370.7 237.9 302.5 305.3 
TP, mg/kg 465 459 501 478 522 605 504 545 535 
 
